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Abstract
In murine models of systemic lupus erythematosus (SLE), administration of either prolactin or
estradiol (E2) increases autoimmunity, and there is evidence that elevated prolactin in response to
E2 administration may contribute substantially to E2 effects. Hormonal influence on SLE can extend
to environmental agents, as demonstrated by the ability of estrogenic organochlorine pesticides such
as chlordecone to accelerate the development of lupus in female (NZB x NZW)F1 mice. In order to
evaluate a potential role for prolactin in chlordecone effects on SLE, it was necessary to first
determine whether treatment with chlordecone, like E2, results in elevated prolactin levels.
Ovariectomized (NZB x NZW)F1 mice were treated for 5–6 weeks with chlordecone or E2 in doses
shown previously to significantly shorten the time to onset of SLE. At the end of the treatment period,
serum prolactin levels were increased 10- to 20-fold in E2-treated mice compared to untreated
controls, but decreased in an apparent dose-dependent manner in mice treated with chlordecone.
Prolactin receptor in purified B and CD4 T cells from treated animals, assessed through measurement
of mRNA using quantitative real-time PCR, was increased by E2 treatment but unchanged in response
to chlordecone. These observations suggest that the role of prolactin in eliciting autoimmunity in E2-
treated animals is absent in the case of chlordecone, and by implication, that chlordecone possesses
other actions that can replace the contribution of prolactin to development of SLE.
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INTRODUCTION
The single-chain polypeptide hormone prolactin is synthesized and secreted primarily by the
anterior pituitary gland, but it can also be produced in many extrapituitary sites, including cells
of the immune system, such as lymphocytes [1–3]. While the main function of prolactin is to
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regulate the growth and differentiation of the mammary gland and the ovary [2], it also acts as
an important connection between the endocrine and immune systems [4]. Prolactin receptors,
which can be found in many cell types including monocytes and lymphocytes, mediate the
signal transduction of prolactin [5–8]. The initial signaling events include prolactin ligand
binding, receptor dimerization, and recruitment of cytoplasmic molecules, such as JAK2 and
STAT family members, to bind to receptors [9].

Accumulated evidence clearly suggests that prolactin is an important immunoregulator with
its roles in modulating lymphoproliferation, cytokine production, antibody production, and cell
survival [10]. Animal studies and clinical trials also suggest that prolactin plays a role in the
pathogenesis of systemic lupus erythematosus (SLE). In (NZB x NZW)F1 and R4A-IgG2b
anti-dsDNA BALB/c transgenic mouse models, elevated serum prolactin concentrations are
associated with accelerated autoimmune disease, evidenced by increased titers of anti-dsDNA
antibody, enhanced glomerular IgG deposition, and increased mortality [11,12]. Although a
straightforward correlation of elevated prolactin and SLE development is difficult to establish
in humans, several clinical observations have suggested that prolactin stimulates SLE activity.
Hyperprolactinemia is observed in about 20% of SLE patients [13–15]. Lymphocytes and
peripheral blood mononuclear cells (PBMC) from SLE patients secreted higher levels of
prolactin than cells from control subjects [16,17]. Treatment with low doses of bromocriptine,
a dopamine receptor agonist that can block the secretion of prolactin from anterior pituitary,
has shown beneficial effects in SLE patients, including a reduction of fatigue and lupus
headaches, and a decrease of anti-DNA antibodies [18,19].

Prolactin and estradiol (E2) have a reciprocal endocrinologic relationship. E2 stimulates
prolactin secretion from the anterior pituitary by inhibition of dopaminergic suppression, while
high concentrations of prolactin suppresses E2 production [20]. In the immune system, both
hormones modulate autoimmunity. Although both E2 and prolactin appear to stimulate
humoral immunity, E2 appears to suppress cell-mediated immunity while prolactin augments
it [10]. Recent studies showed that the immunostimulatory effects of E2 are directly associated
with the presence of prolactin. Treatment with the dopamine agonist bromocriptine, which
blocks prolactin secretion, prevented exogenous E2 from breaking tolerance and accelerating
autoimmunity in murine models [21,22]. Further, high prolactin and low E2 states have been
reported to increase autoimmunity, while high E2 and low prolactin states did not [21],
providing additional support for the postulate that prolactin plays a critical role in E2 effects
in accelerating autoimmunity in mice.

We have recently shown that treatment of ovariectomized (NZB x NZW)F1 mice with
chlordecone, an organochlorine pesticide with estrogenic effects, accelerated the rate of
development of SLE [23]. A similar effect was produced by E2 treatment, leading to
speculation that chlordecone affects autoimmunity through its estrogenicity. We hypothesized
that like E2, chlordecone increases circulating prolactin levels, and that prolactin might be an
important mediator of chlordecone effects on autoimmunity. As a critical first test of this
hypothesis, we measured prolactin levels in ovariectomized (NZB x NZW)F1 mice given doses
of chlordecone shown previously to hasten the development of SLE. Mice treated with a
relevant dose of E2 were also included as a positive control.

EXPERIMENTAL PROCEDURES
Mice

Female (NZB x NZW)F1 mice (6–8 weeks old) were purchased from The Jackson Laboratories
(Bar Harbor, ME) and housed in a climate-controlled facility under specific pathogen-free
(SPF) conditions. Mice were allowed free access to food and water at all times during the study.
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All procedures were approved by the Institutional Animal Care and Use Committee of the
University of Florida.

Test Materials and Treatments
Custom formulated 60-day sustained-release pellets containing either 1 or 5 mg chlordecone
each were prepared by Innovative Research of America (Sarasota, FL). Sixty-day release
pellets containing 0.05 mg 17-β estradiol (E2) or only matrix (for controls) were obtained from
the same source. At least two weeks prior to E2 or chlordecone treatment, mice were surgically
ovariectomized as described previously [23]. To begin treatment, a single pellet containing
chlordecone, E2, or matrix only was implanted subcutaneously in each animal under light
methoxyflurane anesthesia. Mice tolerated the ovariectomy and pellet implantation procedures
without complications. Five to six weeks after pellet implantation, mice were euthanized and
serum and spleen were removed.

Determination of serum prolactin level
Serum was obtained at sacrifice and stored frozen at −80 °C until analysis. Prolactin
radioimmunoassay (RIA) used mouse PRL (mPRL) reference preparation AFP6476C, mPRL
AFP1077D for iodination, and anti-mPRL antiserum AFP131078 (provided by the National
Hormone and Peptide Program, Harbor–UCLA Medical Center, Torrance, California, USA).
The assay was performed by the National Hormone and Peptide Program. Briefly, 50 μl of
serum from each sample was used in the RIA, and approximately 20,000 cpm was added to
each tube. Quantitative limits for the assays ranged from 3–6 ng/mL with intra- and interassay
coefficients of variation <15%. Samples were analyzed in duplicate at multiple dilutions.

RNA and cDNA preparation
Mouse B and CD4 T cell isolation kits (Miltenyi Biotec, Auburn, CA) were used to enrich
splenic B and CD4 T cell preparations by negative selection. RNA from purified B and CD4
T cells was extracted using TRIZOL reagent (Invitrogen, Carlsbad, CA), and the RNA
concentration was measured spectrophotometrically. RNA (1 μg) was then treated with DNase
I (Invitrogen) to remove genomic DNA and reverse transcribed to cDNA using the Superscript
II First-Strand Synthesis System (Invitrogen) for real-time PCR.

Real-time PCR
Gene expression was determined by quantitative real-time PCR using SYBR green (Applied
Biosystems, Foster City, CA). Primers were designed as follows: Prolactin receptor forward
TGATCCTCAGTTTGGTGCAG, reverse TTCAGGATAGGCCTGGCTAA; β-actin forward
CGGCCTAGCTCTGAGACAAT, reverse GTCACCATCCTTTTGCCAGTT. Procedures for
real-time PCR were identical to those described previously (24). Transcripts were quantified
using the comparative (2 −ΔΔCt) method.

Statistical analysis
Statistical analyses were conducted using the GraphPad Prism software, version 4.00
(GraphPad, San Diego, CA). Groups were compared using Dunnett’s procedure for the one-
way analysis of variance (ANOVA). All comparisons with p < 0.05 were considered to be
statistically significant.

RESULTS
Serum prolactin was measured in mice treated with implanted, sustained-release pellets
containing chlordecone, E2 or matrix only (controls) for 5–6 weeks (Figure 1). The manner of
administration and chlordecone and E2 doses were the same as has been found previously to
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accelerate the development of SLE in this mouse strain [23]. As expected, E2 treatment caused
a dramatic 10- to 20-fold increase in serum prolactin levels, with an average concentration of
500 ng/ml. In marked contrast, chlordecone-treated mice showed a significant and dose-
dependent decrease in prolactin levels compared to the control-treated group.

Although serum prolactin levels were decreased in the chlordecone-treated group, it was still
possible that the prolactin pathway was being induced in cells of the immune system, perhaps
through upregulation of the prolactin receptor and autocrine or paracrine secretion of prolactin.
For this reason, we also tested the level of expression of prolactin receptor on lymphocytes by
quantitative real-time PCR. The primer that we designed for the experiment covered a gene
fragment between exon 6 and exon 7, and is common to all four isoforms of the prolactin
receptor protein (25,26). E2 exposure in vivo produced a significant increase in prolactin
receptor mRNA in B (Fig. 2A) and CD4 T cells (Fig. 2B) compared with the control group.
The chlordecone-treated group showed no change in prolactin receptor mRNA levels in either
population (Fig. 2).

DISCUSSION
E2 can markedly stimulate prolactin secretion, which has been shown in both the mouse model
and humans [20]. In the study presented here, E2 significantly increased serum prolactin levels,
as expected. Because of the reported estrogenic effects of chlordecone [27,28], it was
anticipated that chlordecone at doses that affect autoimmunity would also increase serum
prolactin levels. It was thus surprising that chlordecone caused a dose-dependent decrease in
serum prolactin. Whether chlordecone decreased prolactin levels in serum by inhibiting its
secretion or accelerating degradation remains unknown.

As prolactin effects on lymphocytes are mainly through the prolactin receptor [2,9], it was
important to determine whether chlordecone might produce an increased prolactin effect in the
face of diminished serum concentrations by upregulating receptors. Previous studies have
reported that E2 can increase prolactin receptor expression in both mice and humans in cells
outside the immune system [29–31]. Results from Figure 2 show that E2 treatment increases
prolactin receptor expression in cells of the immune system as well, as both B and CD4 T cells
showed significant increases. In contrast, chlordecone exposure at dose levels that can clearly
accelerate autoimmunity had no effect on B cell and CD4 T cell prolactin receptor expression
at the mRNA level. There are a few caveats to interpretation of these observations that should
be acknowledged. One is that mRNA might not accurately reflect the number of functioning
receptors if, for example, chlordecone were to possess a receptor stabilizing effect (i.e., an
effect to slow receptor turnover). A second is the possibility that chlordecone could upregulate
one prolactin receptor isoform while down-regulating another. In this situation, a critical
receptor could be increased, even though the overall receptor levels are unchanged. We
consider both possibilities to be unlikely, but acknowledge that understanding of prolactin
receptor isoforms and their turnover in immunocytes is extremely limited at present.

Both E2 and chlordecone are equally effective in accelerating the rate of development of SLE
in the (NZB x NZW)F1 mouse [23]. The apparent decreased, rather than increased, presence
of prolactin in chlordecone-treated mice has interesting implications in terms of the
comparative mechanisms by which these two agents affect autoimmunity. For example, it has
been shown that without the help of prolactin, E2 can still mediate the survival of autoreactive
B cells, but loses its ability to activate these anergic B cells [22]. We reported earlier that both
chlordecone and E2 share the same features in reducing apoptosis of B cells in germinal center,
a place where negative selection of autoreactive B cells occurs [24]. Therefore, it is possible
that E2 and chlordecone share the same pathway in helping the survival of autoreactive B cells,
while chlordecone has its own prolactin-like mechanism to break the tolerance of these B cells
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to produce autoantibodies. Direct prolactin-like effects of chlordecone could also explain
decreased prolactin secretion through negative regulatory feedback, although there is currently
no experimental evidence to support or refute this hypothesis. Additional study comparing
immune responses to chlordecone, E2, and prolactin in murine lupus models could provide
valuable insights into the potential roles of both endogenous and environmental endocrine-
active agents in the pathogenesis of SLE.
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Figure 1. Comparison of chlordecone and E2 effects on serum prolactin level
Mice were treated with 60-day sustained-release pellets containing E2 or chlordecone in the
indicated amounts and euthanized 5–6 weeks later. Each point in the figure represents the
results from an individual subject. Serum prolactin concentrations were significantly increased
by E2 treatment, and significantly decreased by chlordecone. Results from chlordecone-treated
mice showed a dose-related trend. *, p < 0.05; **, p<0.01; ***, p<0.001.
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Figure 2. Comparison of chlordecone and E2 effects on prolactin receptor gene expression in B and
CD4 T cells
Mice were treated with 60-day sustained-release pellets containing E2 or chlordecone in the
indicated amounts and euthanized 5–6 weeks later. Each point in the figure represents the
results from an individual subject. Prolactin receptor mRNA was significantly increased in E2-
treated mice in both B (Panel A) and CD4 T (Panel B) cells. Prolactin receptor mRNA in
chlordecone-treated mice was not significantly different from controls.
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