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A B S T R A C T The antihypertensive drug hydralazine
can induce in man a syndrome similar to spontaneous
systemic lupus erythematosus (SLE). The pathogenesis
of this drug-induced syndrome is not understood. In
this investigation, five groups of rabbits were studied:
group I, 10 rabbits hyperimmunized with hydralazine
conjugated to human serum albumin (HSA) in com-
plete Freund's adjuvant (CFA); group IT, four rabbits
with HSA in CFA; group III, four rabbits with CFA
alone; group IV, five rabbits with hydralazine conju-
gated to rabbit serum albumin (RSA); and group V,
four rabbits with a major metabolite of hydralazine con-
jugated to HSA. The rabbits immunized with hydrala-
zine-HSA developed rising titers of antibodies to hy-
dralazine and progressively increasing amounts of anti-
bodies to both single-stranded and native DNA. The
antibodies to DNAwere cross-reactive with hydralazine
as determined by inhibition of DNAbinding and DNA
hemagglutination tests. Similar results were obtained
in rabbits immunized with the metabolite-HSA com-
pound except the major hapten antibody response was
to the metabolite. The DNA antibodies in this group
were also capable of being absorbed by metabolite-HSA
as well as hydralazine-HSA, indicative of the cross-re-

activity between hydralazine and its metabolite. Immuni-
zation with hydralazine-RSA caused rabbits to produce
antibodies to bydralazine but not to DNA, indicating
the requirement for an immune response to the carrier
protein in order for antibodies reactive with DNAto be
produced. Thus, hyperimmunization of rabbits with hy-
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dralazine-protein conjugates may provide a useful ani-
mal model of SLE. The data suggests that an immune
response to hydralazine may be important in human
hydralazine-induced SLE.

INTRODUCTION
In the large majority of patients with systemic lupus
erythematosus (SLE),' no specific etiological factor
can be identified. However, after the administration of
certain drugs, a small number of patients develop symp-
toms and signs which closely resemble those found in
SLE. This drug-induced syndrome differs from spon-
taneous SLE primarily by a lack of central nervous
system and renal involvement, an increased incidence in
males, a very low to negligible incidence in blacks, and
remission when the inciting drug is withdrawn (1, 2).
Many of the serological stigmata of SLE are found in
these patients including lupus erythematosus (LE) cells,
antinuclear antibodies (ANA), antibodies directed
against single-stranded DNA, and occasionally, in
small amounts, antibodies against native DNA (2, 3).
Even with the occurrence of clinical remission, sero-
logical abnormalities, including ANA, may persist for
years (4). Although death is rare in drug-induced SLE,
the few patients who have been autopsied have patho-
logical findings similar to those found in spontaneous
SLE (5, 6). Even with the differences noted, the simi-
larities between drug-induced and spontaneous SLE
are sufficient to make the drug-induced variety a valid
study model for SLE. Hydralazine, an antihypertensive

1 Abbreviations used in this paper: ANA, antinuclear
antibodies; B, bone marrow-derived; BSA, bovine serum
albumin; HSA, human serum albumin; LE, lupus erythema-
tosus; PBS, phosphate-buffered saline; RSA, rabbit serum
albumin; SLE, systemic lupus erythematosus; T, thymus-
derived.
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agent, is one of the major drugs which can induce an
SLE-like syndrome. It does so in approximately 7-13%
of the patients chronically treated (7, 8). However, though
we know the provocative agent, the possible patho-
genetic mechanisms remain obscure with the sole ex-
ception that hydralazine antibodies have been reported
in these patients (3, 9).

Unfortunately, to date animal experiments with hy-
dralazine have not proven any more illuminating than
human studies. Indeed, many conflicting results have
been obtained. Even in experiments where ANAand/or
LE cells were produced, pathological findings were
equivocal or no data were provided to account for the
production of serological findings.

Recently, we have succeeded in covalently binding hy-
dralazine and one of its major urine metabolites (10)
to human serum albumin (HSA) and rabbit serum al-
bumin (RSA). The present study was undertaken to
evaluate the immunological and pathological effects
produced by immunization of rabbits with these com-
pounds.

METHODS
New Zealand white rabbits weighing 1.5 kg initially and
fed standard Purina rabbit chow were used in this study.
For 24-h urine collections, the rabbits were placed in meta-
bolic cages with free access to water and the urines col-
lected for 24, 48, and, in some cases, 72 h. The 24-h urinary
total protein excretion was measured by the method of
Shevky and Stafford ( 11 ).

Synthesis of the compounds of hydralazine and HSA and
RSA were as follows: a solution of p-nitrophenol pyruvate
hydralazone (1.4 mg, 4.0 X 10' M) in 0.5 ml of tetra-
hydrofurane was added via a syringe to a stirred solution
of HSA (276 mg, 4 X 10-' M) (Miles Laboratories, Inc.,
Kankakee, Ill.) in 5.0 ml of pH 9.2 borax buffer (0.025
M) at room temperature. The cloudy solution was stirred
at room temperature until it became clear (about 90 min)
and allowed to stand at 4°C for 16 h. Purification was
accomplished by prolonged dialysis (4-7 days) at 4°C
against several changes of 2 N sodium chloride solution,
followed by several changes of pH 8.2 phosphate buffer (5
X 10-' M) until complete removal of p-nitrophenol was
achieved. At this time, the dialysates did not indicate the
presence of the phenol according to UV analysis. Lyophi-
lization of the dialysates was carried out, resulting in a
light yellow powder. The extent of conjugation was esti-
mated from the UV spectrum at 353 nm. By using the
extinction coefficient of the pyruvic acid hydralazone at
353 nm, the number of residues of the hydralazone was
calculated to be about 1. By using appropriate amounts of
the pyruvic acid hydralazone in the above procedure, con-
jugates were prepared with binding ratios of 1: 1, 3: 1,
6: 1, 15: 1, and 25: 1. Similarly, a conjugate was paired
with RSA (Miles Laboratories, Inc.) with a binding ratio
of 25: 1. These compounds will be referred to subse-
quently as "hydralazine-HSA" and "hydralazine-RSA."
The subscript with hydralazine will refer to the number
of moles of hapten per mole of carrier.

The main urinary metabolite of hydralazine is 3-methyl-
s-triazolo[3,4-a]phthalazine (12). Since this molecule does
not possess a functional group via which it could be co-

valently conjugated to HSA or RSA, it was structurally
altered slightly to permit it to be chemically bound to a
protein. The compound chosen for this purpose was 2-(s-
triazolo[3,4-a]phthalazinyl) propionic acid (13). Conju-
gation was achieved in a manner similar to the above
method. Thus, to a solution of HSA, 500 mg (7.25 X 10'
MW) in 50 ml of pH 9.2 borax buffer was added to pow-
dered 4-nitrophenyl 2- (3-s-triazolo[3,4-a] phthalazinyl pro-
pionate), 68 mg (1.94 X 10' M). The mixture was stirred
48 h at room temperature and buffered. The filtrate was
concentrated by lyophilization and purified as above. The
extent of conjugation was estimated by analysis of the
UV spectrum of the conjugate. The extinction coefficient
of the substituted propionic acid at 241 nm (4.33 X 103)
was used. The binding ratio of triazolophthalazine per mole-
cule of HSA was calculated to be about 6: 1. In an analo-
gous manner, the RSA conjugate was prepared. These
compounds will be referred to subsequently as "metabo-
lite-HSA" and "metabolite-RSA." The subscript with me-
tabolite will refer to the number of moles of hapten per
mole of carrier.

Various molar ratios of hydralazine conjugated to HSA
were tested for immunogenicity before the present experi-
ments. The compounds tested ranged from hydralazine6-
HSA to hydralazinez-HSA. The latter proved the most
immunogenic as measured by precipitating antibodies. At
the start of the experiment, the highest molar ratio of
metabolite to HSA that could be synthesized was 6: 1, and
a compound with this ratio was used in these experiments
as an immunogen. Later, higher molar ratios could be
achieved and metabolite15-RSA was used as described below
for determining hydralazine metabolite antibodies.

Hydralazine antibodies were determined by microadapta-
tion of the passive hemagglutination test of Boyden with
tanned sheep red blood cells coated with hydralazine25-RSA
(14, 15). As all rabbits in each group failed to recognize
RSA immunologically, this test measured only antihydrala-
zine antibodies. Antibodies to metabolite6-HSA were mea-
sured in similar fashion except that the sheep erythrocytes
were coated with metabolite15-RSA. Inhibition studies were
performed by adding 50 jig of the inhibitor to each well on
the microtiter plate and then carrying out the titer as
above. The compounds used for inhibition included hydrala-
zine HCl, hydralazines-RSA, hydralazine25-HSA and me-
tabolitev5-RSA.

Anti-DNA antibodies were measured by a modification
of the binding assay of Carr et al. with [3H]actinomycin-
D-labeled calf thymus DNA for antibodies against both
single-stranded and native DNA (16). Briefly, highly poly-
merized calf thymus DNA (Worthington Biochemical
Corp., Freehold, N. J.) was labeled with [3H]actinomycin
D (sp act 3.8 Ci/mmol) (Schwarz/Mann Div., Becton,
Dickinson & Co., Orangeburg, N. Y.). For binding to
native DNA, 0.05 ml of dialyzed labeled native DNA (50
Ag) was incubated with 0.1 ml of the rabbit serum to be
tested and 0.85 ml phosphate-buffered saline (PBS), pH
7.4, at 370C for 1 h and then for 24 h at 40C. Then an
equal volume of saturated ammonium sulfate was added
and the mixture stirred vigorously for 30 min. The re-
sulting precipitate was centrifuged at 900 g for 1 h and
then washed once again with half-saturated ammonium
sulfate. The washed precipitate was dissolved in 1.5 ml of
Soluene-350 (Packard Instrument Co., Inc., Downers
Grove, Ill.) and 12 ml of scintillation fluid (PPO and
POPOP in toluene) and counted in a liquid scintillation
counter (Mark-II, Amersham/Searle Corp., Arlington
Heights, Ill.). Incubation for longer than 24 h did not
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increase the percent binding obtained. For measurement of
binding antibodies to single-stranded DNA, native calf
thymus DNA (Worthington Biochemical Corp.) was heat
denatured by being placed in boiling water for 10 min and
then rapidly cooled in ice. The single-stranded DNA was
then labeled with [8H]actinomycin D and, after dialysis, 0.1
ml of the single-stranded DNA preparation (100 Ag) was
mixed with 0.1 ml of the serum to be analyzed and 0.8 ml
of 1 M phosphase-buffered NaCl, pH 7.4. Samples were
first incubated at 37°C for 30 min and then for 24 h at
4°C and then processed as described above. Inhibition
studies were performed by incubating the serum before
testing with the inhibitor at 37'C for 1 h and then at 4VC
for 23 h. Any precipitate after incubation was removed by
centrifugation. Deproteinized native calf thymus DNA
(Sigma Chemical Company, St. Louis, Mo.) was prepared
according to the method of Marmur (17) and then labeled
with ['H]actinomycin D as described above and used for
detection of antibodies to native DNA with sera obtained
from the final bleedings.

To exclude the possibility that the antibodies being de-
tected by the "native" DNA-binding assay were not to
the small areas of single-strandedness known to exist in
commercial DNA (18, 19) but to the double-stranded
structure of native DNA, native DNA (Worthington Bio-
chemical Corp.) was digested with an exonuclease isolated
from Neurospora crassa conidia (Miles Laboratories, Inc.),
an enzyme which has been demonstrated to be specific for
single-stranded DNA (prepared by heat) and which does
not attack DNA in the native form (20, 21). 3 mg of
native DNA dissolved in 0.1 M Tris-HCl buffer, pH 8.0,
was incubated with 0.8 ml of 0.6 M Tris-HCl, pH 8.0, 0.8
ml 0.06 M MgCl2, 0.8 ml of 100 U of N. crassa exonu-
clease with a total reaction mixture of 4.8 ml for 5 h at
370C. The digest was exhaustively dialyzed at 4VC against
PBS. The DNA was then extracted with phenol and
chloroform, precipitated with ethyl alcohol, and then dis-
solved and dialyzed against PBS, thus freeing the DNA
from the enzyme. A control preparation of DNA was
treated in the same manner but without the enzyme, and,
since there was no enzyme present, extraction and precipi-
tation was not carried out. Both preparations were labeled
with ['H]actinomycin D. Sera and IgG fractions from
the various experimental and control groups were tested to
detect differences in binding. To test the activity of the
enzyme, single-stranded (heat-denatured) DNAwas treated
in a similar manner with the exonuclease as described for
native DNA. Another tube containing single-stranded DNA
kept under thfe same conditions served as a control for
this experiment. 89% of the single-stranded DNA was
destroyed by the exonuclease.

Precipitating antibodies against both calf thymus native
and single-stranded DNA as well as native and single-
stranded salmon sperm DNA (Sigma Chemical Co., St.
Louis, Mo.) and M. lysodeikticus (Sigma Chemical Co.)
native and single-stranded DNAwere performed with 0.6%o
agarose gel in 0.15 M PBS, pH 7.2 (22). Inhibition of
precipitating antibodies was performed by incubating the
serum for 1 h at 37°C and then 23 h at 4°C with the inhibi-
tor. After incubation, any precipitate was removed by
centrifugation.

Hemagglutinating antibodies to native DNA were de-
termined by the method of Inami et al. by using formalin-
ized human type 0 cells (23). RSA rather than bovine
serum albumin (BSA) was used as a diluent as rabbits
which made antibodies to HSA exhibited crossreactivity
with BSA, which interfered with the test. Inhibition of

this test was accomplished by placing 50 ltg of the in-
hibitor in each well of the microtiter plate before per-
forming the test.

ANA were determined by using normal rabbit peripheral
white cells as a substrate with a fluoresceinated goat anti-
rabbit IgG antiserum at a concentration of 3 mg/ml. The
antiserum was prepared and labeled in this laboratory.

IgG fractions of sera from seven rabbits were purified
by using DEAE-cellulose chromatography (24) and as-
sessed for DNA binding activity and hydralazine hemag-
glutinins as described above.

All antibody assays were performed with serum heated
at 56°C for 30 min with some repeated with the same
serum heated at 560C for 60 min. The additional 30-min
heating did not produce any appreciable changes in the
results.

At the time of sacrifice, tissues were taken for histo-
pathological studies including routine hematoxylin and
eosin and periodic acid-Schiff stains of the tissue sections.
Some tissues were snap frozen for immunofluorescent
studies.

The experimental design involved five (5) groups of
rabbits. Group I consisted of 10 rabbits immunized at 2-wk
intervals until the 12th wk with hydralaziner,-HSA in
complete Freund's adj uvant (CFA). One additional in-
jection was given at the 17th wk. The initial dose was 10
mg of hydralazine-s-HSA in CFA divided between the
hind foot pads. Subsequent injections consisted of 5 mg
of hydralazine2z-HSA in CFA injected subcutaneously into
the back and neck. In group II, there were four rabbits
immunized with HSA in CFA after a similar dosage and
injection schedule. In group III were four rabbits which
received CFA alone on a similar schedule. In group IV,
five rabbits were immunized with hydralazine2rs-RSA in
CFA after a similar dosage and injection schedule. Group
V consisted of four rabbits immunized with metabolite6-
HSA again on a similar schedule and manner as the other
groups. The data obtained from animals in groups II and
III were similar and have been combined and referred to
subsequently as the "controls." The mean and standard
deviations for the DNA binding assays were determined
by the unpaired t test. A paired t test was used to compare
intragroup differences (25).

RESULTS
Fig. 1 shows the mean hydralazine antibody titer from
each group. Only rabbits immunized with hydralazine25-
HSA, hydralazine25-RSA, or metabolites-HSA devel-
oped significant titers of hydralazine antibodies as mea-

sured by hemagglutination. After the sixth inj ection,
titers ceased to rise despite continuing immunization.
When first measured at 4 wk, a time by which two in-
jections had been administered, the antibody titers in
the hydralazine25-HSA, hydralazine25-RSA, and the
metabolite6-HSA groups were resistant to 2-mercapto-
ethanol, indicating that the antibodies were primarily
IgG. The antibody titers against hydralazine in the
metabolite6,-HSA-immunized group of rabbits are in-
dicative of the cross-reactivity between hydralazine
and its major urinary metabolite. Inhibition studies of
the hydralazine antibody titers were done with the sera
obtained at the termination of the experiment (22 wk)
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TABLE I
Hydralazine Metabolite Hemagglutinins Found in the Metabolite6-HSA-

Immunized Rabbits (Group V)*

Pre- Weeks after immunization
immuni-

Rabbit zation 4 8 12 16 20 22

1-074 2 256 2,560 25,600 320,000 160,000 12,800
1-075 0 256 640 2,560 2,560 6,400 ND:
I-076 0 64 160 320 640 3,200 3,200
1-077 0 128 1,280 2,560 12,800 25,600 12,800

* Reciprocal of the titer.
4 ND, not done.

from the hydralazine25-HSA and the hydralazine25-RSA
groups. Complete or almost complete inhibition of the
titers was obtained with hydralazine2s-RSA, hydrala-
zinea-HSA, and hydralazine HCl itself. Table I depicts
the mean metabolite antibody titers found in group V, the
metabolite6-HSA-immunized rabbits. These titers were
also resistant to 2-mercaptoethanol 4 wk after immuni-
zation and were completely inhibited by metabolitee-
HSA. The hydralazine25-HSA and the hydralazine25-RSA
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0 2 4 6 8 10 12 16 1718 20 22

TIME IN WEEKS
FIGURE 1 Hydralazine hemagglutinating antibody titers
found in each group of rabbits. Hydralazinea5-HSA
(@0 ), HSA (A-A), CFA (X- ---X), hydralazine2z-
RSA (O- Q-O), and metaboliteo-HSA ----A). Ar-
rows indicate time of injection.

groups of rabbits also had low titers of antibody to
metabolitel5-RSA, again indicating the cross-reactivity
that exists between hydralazine and its metabolite.

Fig. 2 illustrates the mean binding antibody titers to
[RH]single-stranded calf thymus DNA. Significant bind-
ing is limited to the metabolitea-HSA and the hydrala-
zine25-HSA groups. By the 4th wk, 4 rabbits in the
latter group exceeded the mean ±2 SD of the controls,
and by the 8th wk, 9 of 10 did. The difference between
the hydralazine25-HSA group and the controls continued
to increase until the 12th wk. The additional injection
on the 17th wk produced a further rise in binding.
Three of four rabbits immunized with metabolite3-HSA
exhibited significant binding by the 4th wk and by the
12th wk, all four animals had binding that was signifi-
cantly increased as compared to the controls. The posi-
tion of the final point in Fig. 2 of the 22 wk binding of
the metabolitea-HSA group is doubtful. One rabbit died
before being bled and at that time another rabbit which
had had a small but significant amount of binding to
single-stranded DNAno longer had detectable antibodies
to single-stranded DNA. No response was noted in the
hydralazine25-RSA group, implying a major role for
the carrier protein in the production of DNA anti-
bodies.

In the hydralazine25-HSA group, 9 of 10 rabbits had
precipitating antibodies at the 22nd wk of immunization
to one or more of the various types of single-stranded
DNAtested which included calf thymus, salmon sperm,
and M. lysodeikticus. Precipitins to single-stranded
DNAwere detected in three of four of the metabolitea-
HSAgroup of animals. These precipitin lilnes were not
observed when the serum had been previously absorbed
with single-stranded DNA.

The mean binding antibodies to [3H]calf thymus na-
tive DNA is seen in each group in Fig. 3. Only the hy-
dralazine25-HSA-immunized rabbits and metabolite6-
HSA rabbits show significant binding. In the former
group, three rabbits had significantly elevated levels of
antibodies to native DNA4 wk after beginning immuni-
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FIGURE 3 [8H] Native calf thymus DNA-binding assays in
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FIGURE 2 [3H] Single-stranded calf thymus DNA-binding
assays in each group of rabbits. Hydralazine25-HSA
(0-0), HSA (A-A), CFA (X--- X), hydralazine2s-
RSA (O-*-O), and metabolitea-HSA (A- - -A). Ar-
rows indicate time of injection.

zation. By 8 wk, six rabbits had some increase in binding
although this was borderline in three. The amount of
binding continued to rise in these six rabbits until by
22 wk, two had between 10 and 15% binding, three be-
tween 15 and 21% binding, and one 53% binding. The
mean ±2 SD of the controls at this time was 6.3±1.8%.
By a paired t test, the native DNAbinding of the pre-
immunization sera compared to the 22-wk sera showed
a significant increase for the group as a whole with a
P value of < 0.025. The rise in antibodies to native
DNAfound in the metaboliteB-HSA animals was simi-
lar to that observed in the hydralazine2z-HSA group of

TABLE I I
Native DNAHemagglutinin Titers

DNAtiter %binding
DNA after ['H]native

Rabbit Group titer* inhibition* DNA

I-093 I 32 2 19
I-095 I 64 0 53
1-096 I 16 2 15
I-077 V 32 0 26
I-074 V 8 0 12

* Reciprocal of the titer.

injection.

rabbits. By the 4th wk, two of four rabbits showed
significant binding which persisted. The highest bind-
ing found in one of these rabbits was 29%, noted in the
16th wk; at the 20th wk, it was 27%, and at the 22nd wk,
26%. The highest level in the other rabbit was 13%.
The sera obtained at the end of the experiment (22 wk)
from all rabbits were treated with DNAase as described
by Harbeck et al. to detect circulating DNA-anti-DNA
complexes by observing a further increase in DNAbind-
ing after treatment with DNAase (26). This test was

negative except in the one rabbit immunized with hy-
dralazine2s-HSA, which had 53% binding with [3H]-
calf thymus native DNA. In this instance, the binding
rose an additional 20%. Precipitating antibodies to na-

tive DNA were not detected by either system of im-
munodiffusion with serum from any rabbit. Similar
values for binding were obtained with the highly puri-
fied deproteinized calf thymus native DNA.

Hemagglutinins to native DNAwere determined only
on the sera from the final bleed. These results are de-
picted in Table II. Only sera with a titer greater than
1: 4 are represented in the table. Significant amounts of
DNA hemagglutinins were detected in three rabbits
immunized with hydralazine25-HSA and two rabbits im-
munized with metabolite6-HSA. These titers were com-

pletely or almost completely inhibited by calf thymus
native DNA. Hemagglutinins to native DNAwere not
detected in any other rabbit. It is of interest that only
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TABLE II I
Inhibition of [-l']C'lf ~Thynius DNA-Binding Assays in Three Rabbls from 11M

Hydralazine25-HSA-Immunized Rabbits (Group I, 22-wk Serum)*

I-093 I-095 I-098

%7c binding %binding
%1c binding %7r binding single %7, binding single

Inhibitor native-22 native-53 stranded-49 native-27 stranded-62

Hydralazine HCl, 200 ,g/ml 76 83 90 87 95
Hydralazine25-HSA, 1 mg/ml 74 87 89 75 95
HSA, 1 mg/mil 5 0 0 20 0
Hydralazine25-RSA, 1 mg/ml 86 88 84 99 93
RSA, 1 mg/ml 0 0 0 25 0

* Percent inhibition.

rabbits with the highest native DNAbinding had posi-
tive DNAhemagglutinin tests.

Fig. 4 shows a double diffusion in agarose picture of
a 22-wk serum obtained from a hydralazine25-HSA-im-
munized rabbit reacted against hydralazinem-RSA, two
concentrations of single-stranded calf thymus DNA, and
calf thymus native DNA. Two precipitin lines were pro-
duced to hydralazine2z-RSA: an outer thicker line which
shows no reaction with DNA and a thinner inner line
which shows a reaction of identity with single-stranded
calf thymus DNA. No precipitin line is seen to calf
thymus native DNA. This unexpected finding suggested
that there was a population of antibodies to lhydralazine
which was cross-reactive with single-stranded DNA.
Similar precipitin in gel reactions were observed in the
sera of several rabbits in the hydralazine2z-HSA group
with reaction of the inner line to hydralazine2n-RSA
showing either complete or partial identity with single-
stranded DNA. Absorption of the sera with single-

FIGURE 4 Double diffusion in agarose study of a 22-wk
serum from a hydralazinez-HSA-immunized rabbit (I-096).
Center well contains the antiserum. Well 1 contains hy-
dralazine25-RSA 1 mg/ml; well 2 calf thymus single-
stranded DNA, 500 tig/ml; well 3 calf thymus single-
stranded DNA, 1 mg/ml; well 4 calf thymus native DNA,
1 mg/ml; and wells 5 and 6 normal saline. On the left is
a photograph and on the right is a graphic representation.

stranded DNA sometimes but not consistently resulted
in loss of the inner line to hydralazines--RSA and al-
ways resulted in loss of the lines to single-stranded DNA.
Confirmation of this suggested cross-reactivity of hy-
dralazine with DNAwas sought by a variety of inhibi-
tion tests. The [3H]DNA calf thymus native and single-
stranded binding assays were repeated after absorbing
the serum with hydralazine HC1, hydralazine25-RSA,
hydralazine'i5-HSA, RSA, and HSA. The results found
in three rabbits in the hydralazine25-HSA group are
shown in Table III. Hydralazine and both of its com-
pounds removed binding to both native and single-
stranded DNA in all sera tested, whereas the carrier
proteins produced no significant inhibition. Marked
inhibition of both single-stranded and native calf thy-
mus [3H]DNA binding was observed with as little as
20 tg of hydralazine HCL. As seen in Table IV, similar
results were obtained with inhibition studies of native
and single-stranded calf thymus [3H] DNA binding in
metabolite6-HSA-immunized rabbits. In the three sera
studied, there was significant inhibition of both types of
binding by hydralazine HCl, hydralazinem6-HSA, and
metaboliteo-HSA, with the highest degree of inhibition
occurring with metabolite6-HSA. The degree of inhibi-
tion was not as striking as that found in the hydrala-
zine25-HSA-immunized rabbits but was still marked,
particularly in rabbit 1-075. As the degree of inhibition
of binding produced by hydralazine;-HSA wvas almost
as great as that found with metabolite6-HSA in the
sera of these rabbits (group V), it seems likely that
the antigenic determinant on hydralazine and its major
metabolite that causes production of DNA antibodies
is very likely a shared determinant. The native DNA
hemagglutinating titers were completely inhibited by hy-
dralazinez-RSA with the same sera from rabbits im-
munized with hydralazine25-HSA or metabolite6-HSA.
The reverse experiment was also attempted, i.e., inhi-
bition of the hydralazine antibody titers with native
DNA. In sera from the terminal bleed of the hvdrala-
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TABLE IV
Inhibition of [3H]Calf Thymus DNA-Binding Assays in

Metabolite6-HSA-Immunized Rabbits (Group V,
Three Rabbits from the
Final Bleed)*

1-077 I-074 1-075

%binding %binding %binding
%binding single single single

Inhibitor native-26 stranded-41 stranded-45 stranded-30

Hydralazine HCl, 200,gg/ml 51 57 41 73
HSA, 1 mg/ml 10 0 4 0
Hydralazine25-HSA, 1 mg/ml 36 43 44 72
Metabolite6-HSA, 1 mg/ml 45 59 50 71

* Percent inhibition.

zine2z-HSA-immunized rabbits, the hydralazine titer
was reduced by two tubes (twofold dilutions) in four
rabbits, three tubes in one rabbit, and four dilutions in
another rabbit. This last rabbit was the rabbit which had
both the highest binding to native DNAand the high-
est hemagglutinin titer to native DNA. No inhibition
with native DNAwas observed in the hydralazine he-
magglutinin titers found in the sera of the hydralazine2s-
RSA-immunized rabbits. It is quite likely that the
amount of hydralazine antibodies that cross-react with
DNAis quite small in view of the relative thinness of
the line against hydralazine2s-RSA, which cross-reacted
with single-stranded DNA, the practically complete ab-
sorption of antibodies to both native and single-stranded
DNAbe extremely small amounts of hydralazine HC1,
and the minimal inhibition of the hydralazine hemag-
glutinins by native DNA in the hydralazine2r-HSA-im-
munized rabbits.

The sera in the hydralazine2s-HSA group and the
metabolitea-HSA group were absorbed with various
sources of single-stranded and native DNA. Binding ac-
tivity to native DNAcould be removed by prior incuba-
tion of the serum for 24 h with ntaive DNAand at times,
single-stranded DNA, whereas single-stranded activity
was primarily removed by the various single-stranded
DNA's. Table V depicts typical inhibition patterns ob-

tained with calf thymus DNA both in its native and
singe-stranded forms as an inhibitor.

Tests for antinuclear factor were performed with sera
obtained on the terminal bleed. These were positive in
8/10 of the hydralazine2s-HSA-immunized group and in
2/4 of the metabolitee-HSA group. In the hydralazine25-
HSAgroup, six had a titer of at least 1: 8 and two 1: 4.
In the metabolite6-HSA group, both rabbits had a titer
of 1: 8. The titers were not taken to higher levels. The
ests were negative in the controls and in the hydrala-
ine25-HSA-immunized rabbits.

IgG fractions were isolated from the 22-wk sera of
our hydralazine25-HSA-immunized rabbits, two HSA-
mmunized rabbits, and one CFA-immunized rabbit. The

durity of the fractions was verified by immunoelectro-
phoresis against a goat anti-rabbit whole serum. The
fractions were studied for hydralazine hemagglutinins
and DNA binding activity with the results illustrated
in Table VI. Only the fractions from the hydralazine25-
HSA-immunized rabbits had high titers of hydralazine
antibodies and DNAbinding activity, proving that both
of these tests were mediated by an IgG antibody. The
hydralazine antibody titers in the IgG fractions were
disproportionately elevated as opposed to the titers found
in the whole serum. The reason for this disproportionate
elevation is not clear.

TABLE V
Inhibition of [3H]DNA-Binding Assays*

Group I
Group V

I-093 1-095 1-098 I-077

%binding %binding %binding %binding % binding %binding %binding
DNAnat. DNAnat. DNA,, DNAnat. DNA.9 DNAnat. DNA,,

Inhibitor 22 53 41 22 38 26 41

DNAnat., 1 mg/ml 100 55 18 100 15 68 19
DNAS,, 1 mg/ml 0 34 40 0 18 0 39

DNAnat., calf thymus native DNA; DNA,,, calf thymus single-stranded DNA.
* Percent inhibition.
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TABLE VI
[3H]Calf Thymus DNABinding and Hydralazine Hemagglutination Titers of Whole Serum

and IgG Fractions (2 mg/ml) from Four Rabbits Immunized with
Hydralazine25-HSA and Three Control Rabbits

%,0 DNAbinding

\Vhole serum IgG fraction
Hydralazine antibody titer*

Single- Single-
Group Rabbit Native stranded Native stranded Whole serum IgG fraction

I 1-085 9 44 8 53 1,280 32,768
1-087 18 31 9 52 25,600 250,000
1-095 53 41 51 65 12,800 8,192
1-098 22 38 14 79 12,800 250,000

II 1-072 8 7 1 4 32 0
1-091 6 4 2 4 8 2

III 1-067 6 4 2 4 2 2

* Reciprocal.

In recent years, several investigators have presented
evidence that there are small areas of single-stranded-
ness in native DNA preparations obtained from both
commercial and noncommercial sources (18, 19). There-
fore, the native DNApreparation employed in these ex-
periments (Worthington Biochemical Corp.) was sub-
jected to enzymatic digestion with an exonuclease spe-
cific for single-stranded (heat-denatured) DNA as
described in the Methods section. The enzyme-treated
calf thymus DNAand a native calf thymus DNAwhich
had been incubated and then dialyzed under similar
conditions showed no differences in concentration of
DNA as measured by UV spectroscopy. Both of these
DNA preparations were then labeled with [3H]actino-
mycin D. Native DNA binding was determined with
these two DNA's and a native DNA preparation pre-
pared as used throughout this study. No significant dif-
ferences in the binding between the three native DNA
preparations were noted with four 20- or 22-wk sera
and three IgG fractions obtained from animals in the hy-
dralazinez2-HSA group. These results were compared to
sera and IgG fractions obtained from three control ani-
mals, and the findings were similar to that shown in
Table VI. A melting curve of native calf thymus DNA
(Worthington Biochemical Corp.) had all the charac-
teristics of native DNA. Therefore, it would appear
that the results obtained in this experiment for native
DNAantibodies do represent antibodies against native
DNA.

After 22 wk, the rabbits in each group were sacri-
ficed and autopsies performed. No gross anatomical dif-
ferences were noted between the various groups. Light
microscopy showed no significant changes, except for
one rabbit which exhibited slight thickening of the glo-
merular basement membrane. This was the rabbit in the

hydralazine2z-HSA-immunized group which exhibited
the highest native DNAbinding activity. However, im-
munofluorescence of the kidneys of this rabbit and of
all rabbits in each group were negative for the pres-
ence of IgG antibodies.

DISCUSSION

Because of the relationship of hydralazine to the in-
duction of SLE in man and the need for a laboratory
model of SLE, many investigators have sought to du-
plicate this clinical syndrome in animals. Such experi-
ments have yielded a variety of results. Initally, in 1956,
Comens reported the production of positive LE cells,
renal glomerular lesions, (wire-loop), and some he-
matologic changes as well as cachexia, convulsions, and
death in dogs receiving oral hydralazine (27). Symp-
toms occurred within a few weeks to a few months.
Seven of the eight dogs had LE cells and in 2 cases
the appearance of LE cells was confirmed by Hargreaves
himself. However, neither Gardner nor Dubois et al.
were able to reproduce this experiment except for the
toxic reactions and some hematological abnormalities
observed by Gardner (28, 29). LE-like cells were ob-
served by Gardner but were very atypical, still retaining
some nuclear structure. The same negative results were
found by Mollerberg in rats and McCoy and Leach in
pigs given oral hydralazine (30, 31). In 1958, Singuier
et al., administering hydralazine orally, found that 4 of
15 guinea pigs developed "classic" LE cells, three others
LE-"like" cells, anemia, and leukopenia, but the animals
were not studied histologically (32). Braverman and
Lerner in 1962 repeated this experiment, using a variety
of regimens, but with most animals receiving 100 mg
hydralazine/kg (33). 17% of the animals receiving
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hydralazine had LE-"like" cells in which the inclusion
bodies were not liomogeneous. On l)ostmiiortem exaniniia-
tion, no significanit changes were nioted except for iminii-
mal thickening of the glomerular basement membrane
in some guinea pigs, but this finding was not considered
to be significantly different from that observed in nor-
mal guinea pigs. In 1967, Le6vey et al. administered
hydralazine orally and intramuscularly incorporated in
Freund's incomplete adjuvant to guinea pigs (34). Cir-
culating antibodies to hydralazine could be demonstrated
in 57% of the animals treated orally and in 71% of
those receiving intramuscular injections, by a passive
hemagglutination test using hydralazine alone as the
antigen. Delayed hypersensitivity to hydralazine was
also demonstrable in a large number of animals after a
long period of treatment. ANAwere found in 30% of the
orally treated animals and 32% of the intramuscularly
treated animals. LE cells were noted in a much smaller
percentage. Histological changes consistent with lupus
were possibly found in a few animals. No control ani-
mals were included in the study. Ellman et al., in 1971.
administered hydralazine in CFA to guinea pigs in two
injections 1 mo apart (35). They detected antibodies to
hydralazine, using passive cutaneous anaphylaxis and
the Farr technique employing `25I-hydralazine5-ovalbu-
min. A marked strain difference was noted in that strain
2 guinea pigs were low responders whereas strain 13
and Hartley guinea pigs were high responders. Delayed
hypersensitivity also developed to hydralazine. No dif-
ferences were noted in the hepatic acetylation rate be-
tween strain 2 and strain 13 guinea pigs. ANA and
anti-DNA antibodies were not found in this study. In
1972 and 1973, TenVeen and Feltkamp confirmed the
earlier work of Cannat and Seligmann that hydralazine
could induce ANAin mice (36-38). They studied three
strains of mice with a variety of drugs known to induce
an SLE-like syndrome in man, including hydralazine.
Although all strains had a high spontaneous frequency
of ANA, those receiving the drugs, including hydrala-
zine, showed an earlier and higher incidence of ANA
reactions. Immunoglobulin deposits were found in the
kidneys of all mice treated and untreated and were un-
related to the ANA status. The deposits consisted of
IgG, IgM, and C'3. However, quantitatively, they
thought that the mice receiving drugs had larger de-
posits. In addition, renal histology revealed an increase
in mesangial cells and mesangial matrix, irregular thick-
ening, protrusion of the outer sides of the basement
membrane, and mononuclear cell proliferation. The
same histological abnormalities were found in all mice
but were more severe in the ANA-positive drug-treated
mice compared to control mice. In summary, most prior
experimental attempts to induce an SLE-like disease in
animals with hydralazine were either completely nega-

tive or produced results of equivocal significance. Un-
doubtedly, positive ANA WLS indtuced inl some of these
experiments, but in non0e was clear-cut clinical SLE,
produced, nor was there any data obtained which could
explain the production of ANAby hydralazine.

In the present studies, the results obtained partially
clarify this hitherto ill-understood relationship of hy-
dralazine and SLE. A number of the problems con-
cerning the mechanism of induction of SLE by hydrala-
zine were at least in part resolved. First, hydralazine
(and one of its major metabolites) was administered
only as an immunogen, i.e., covalently attached to a
carrier protein. This mode of presentation of hydrala-
zine to the animal together with the fact that the total
amount of hydralazine administered was miniscule (ap-
proximately 3.7 mg total dose) would implicate an im-
mune reaction to hydralazine as being responsible for
the production of DNAantibodies rather than a "toxic"
effect. Secondly, as apparent from inspection of the data
on DNAantibodies (Figs. 2 and 3), continued immuni-
zation with hydralazine attached to a carrier was re-
quired, even while incorporating it in CFA. This need
for hyperimmunization has been overlooked by many
previous investigators and is in accordance with the
observation that the average patient who develops hy-
dralazine-SLE requires an average of 17 mo exposure
to the drug (2). One difference found between this
study and human drug-induced SLE is that the anti-
bodies directed to DNA in the rabbits were to both the
native and denatured forms. The amount of antibodies to
native DNAproduced in at least one rabbit was unex-
pectedly high. The conclusion that antibodies were pro-
duced to the native form of DNA is based on the re-
sults of DNA hemagglutination tests and binding of
[3H]native DNA by the Farr technique as well as by
specific inhibition of these tests. Further, the binding
was confirmed to be to native DNA as demonstrated in
the experiment where native DNA was treated with an
exonuclease which is specific for single-stranded DNA.
Similar results in the binding assay were also obtained
with a highly purified deproteinized DNA.

Another major difference between the human drug-
induced disease and the findings in this experiment is
that histological changes were not observed in the rab-
bits. However, this point must be qualified because the
possibility exists that such changes might have appeared
if the injections of hydralazine25-HSA and metaboliteo-
HSA had been continued for a longer period of time.
The antibody titers to both single-stranded and native
DNAwere continuing to rise when the experiment was
terminated. Thirdly, the uncovering of the immunologic
cross-reactivity existing between hydralazine and DNA
is perhaps the most important observation made in this
study. Initially this was suggested by the findings in
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double diffusion in agarose gel (Fig. 4) and confirmed
by absorption studies of the DNAbinding assays, in-
hibition of DNA hemagglutination tests by the hy-
dralazine compounds and hydralazine itself, and finally
by inhibition of hydralazine antibody titers by native
DNA. The population of antibodies to DNA that are
cross-reactive with hydralazine is likely to be quite
small, as was suggested by the limited inhibition of hy-
dralazine antibody titers with native DNAand by the
thinness of the cross-reactive line between single-
stranded DNA and hydralazines-RSA noted in the
double diffusion in agarose studies.

It is of interest that immunization with hydralazine
linked to an isologous protein (RSA) failed to produce
DNA antibodies but yielded hydralazine antibodies in
amounts equal to those found in rabbits immunized with
hydralazine attached to an heterologous protein (HSA).
Because the hydralazine antibodies produced in the
hydralazine25-RSA group were IgG antibodies and were
hapten specific, it is suggested but not proven in these
experiments that helper thymus-derived (T) lympho-
cytes were involved. Walters, Moorhead, and Claman
have shown that haptens attached to an isologous car-
rier protein administered to mice in CFA are immuno-
genic involving helper T lymphocytes directed against
both the hapten and the hapten-carrier conjugate but
not against the carrier alone (39, 40). The question
then arises as to why these antihydralazine antibodies
in the hydralazine2s-RSA-immunized rabbits were not
cross-reactive with DNA. One could postulate that there
is a definite requirement for T lymphocytes directed
against the carrier alone in order for a highly cross-
reactive population of hydralazine antibodies to be pro-
duced or that when such carrier directed T lymphocytes
are activated, suppressor T lymphocytes which inhibit
the production of antibodies to hydralazine which are
cross-reactive with DNA are overcome. The data ob-
tained in these experiments do not provide answers for
these questions. They only emphasize the importance
of an immune reaction occurring to a carirer protein.

The group of animals immunized with metabolitee-
HSAwas smaller in number than that immunized with
hydralazine.s-HSA. However, the findings were quite
similar. Antibodies induced by the metabolite cross-
reacted with hydralazine as well as with both the native
and single-stranded DNA. Because the inhibition of the
binding assay with hydralazinez-RSA was quite similar
to that found with metabolite6-HSA, it is suggested
that the antigenic determinant that induced DNAanti-
bodies is common to both of these compounds. Most
likely, this common antigen determinant resides in the
similar phthalazine ring structure.

Although many problems concerning the relationship
between hydralazine and DNA were resolved by this

study, the question whether autoimmunity was truly
established in the rabbits immunized with hydralazines-
HSA and metabolitee-HSA was not settled. Autoanti-
bodies other than those directed against nuclear anti-
gens were not sought. The antibodies to nuclear anti-
gens which were detected may represent a subpopula-
tion of antihydralazine antibodies which are cross-reac-
tive with the nuclear antigens. This was suggested by
the virtual complete removal of DNAbinding activity
in the sera of these rabbits by absorption of the sera
with hydralazine or its compounds. It remains for fu-
ture studies to resolve this point.

Extrapolation of the findings in this experiment can
be made to human SLE. In accord with the theory of
autoimmunity proposed by Weigle which is supported
by his experimental observations, he has shown that
for most self-antigens, T lymphocytes have a long
duration of immune tolerance whereas in the bone mar-
row-derived (B) lymphocytes, the duration of immune
tolerance is quite limited (41). B-cell clones are con-
tinually arising which can react with self-antigens if a
T-cell signal is given. Therefore, if the native antigen
is altered or exposure is made to another closely re-
lated yet foreign antigen, tolerance to the native antigen
is then abolished by T-cell stimulation, and immune re-
sponse with antibody production can ensue. A prime
example of this is the induction of thyroiditis by Weigle.
Rabbits have circulating low levels of thyroglobulin
which he considers sufficient to maintain T-cell unre-
sponsiveness but not B-cell unresponsiveness (42).
Therefore, clones of B cells responsive to thyroglobulin
are continually arising. When he injected native thyro-
globulin into rabbits, neither antibody formation nor
thyroiditis occurred (43). If he injected altered or
cross-reactive thyroglobulin into rabbits, then the rab-
bits not only made antibodies to thyroglobulin, but also
thyroiditis appeared. Once the unresponsive state was
terminated, further injections of thyroglobulin continued
to increase antibody levels to thyroglobulin and the
severity of thyroiditis (44). However, the antibodies
produced were to antigenic determinants which were
indigenous to the heterologous thyroglobulin since all
the antibodies produced to thyroglobulin, even after in-
jection of native thyroglobulin, could be completely ab-
sorbed with the heterologous thyroglobulin (45). If the
injections of native thyroglobulin were continued, the
rabbits soon regained tolerance to thyroglobulin. By
applying this theory and the results of these experi-
ments to hydralazine induction of SLE and using the
data acquired in the present experiments, it would be
expected that in humans, B-lymphocyte populations
arise which are responsive to DNA but because of
T-lymphocyte unresponsiveness, immune reactions do
not occur. Hydralazine, as was demonstrated in these
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experiments, is cross-reactive with DNA. When it is
administered to man orally, or to a rabbit by injection,
antibody formation to hydralazine can occur with T
lymphocytes being activated by hydralazine. Because of
the cross-reactivity between hydralazine and DNA, im-
mune reactions are mounted to DNA. However, the
antibodies resulting from such immune reactions should
be capable of being completely absorbed with hydrala-
zine (according to Weigle's experiments) as they were
in our experiments. This necessity for extensive T-lym-
phocyte activation was demonstrated by the failure to
find DNA antibodies in rabbits immunized with hy-
dralazine25-RSA. When hydralazine is discontinued in
man or the injections stopped in rabbits, then tolerance
to DNA eventually recurs. Although this point was
not dramatically made in our experiments, the DNA
antibody titers fell when the inj ections were discon-
tinued for a period of 5 wk. If the injections had been
permanently discontinued, the titers might have disap-
peared. In the human with hydralazine-induced SLE
with discontinuation of the hydralazine, it would be
expected, from Weigle's experiments, that the syn-
drome would remit, and this has usually been the case.
In spontaneous SLE, the cross-reactive antigen(s), if
it exists, is at present unknown.

The role of genetic factors was not evaluated in our
experiments as the rabbits were outbred. However, hy-
dralazine-induced human SLE may have genetic fac-
tors involved as it primarily occurs in Caucasians who
are slow acetylators (2). Ongoing and future experi-
ments in our laboratory are addressing this problem of
possible genetic factors. It is hoped that this hydrala-
zine-induced "serological SLE" may prove useful in
future elucidation of the pathogenetic factors causing
human SLE.
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