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Abstract

Background: The inflammasome responses in Treponema pallidum infection have been poorly understood to date.
This study aimed to investigate the expression of the nucleotide-binding leucine-rich receptor protein 3 (NLRP3)
inflammasome in the development of tissue inflammation in rabbits infected with T. pallidum.

Methods: Forty-five rabbits were randomly assigned to a blank group or an infection group, and the latter was
divided into no benzathine penicillin G (BPG) and BPG treatment subgroups. Rabbits in the infection group were
injected intradermally with 0.1 mL of a 107/mL T. pallidum suspension at 10 marked sites along the back, and the
blank group was treated with normal saline. The BPG treatment subgroup received 200,000 U of BPG administered
intramuscularly twice, at 14 d and 21 d post-infection. The development of lesions was observed, and biopsies of
the injection site and various organs, including the kidney, liver, spleen, lung, and testis, were obtained for NLRP3,
caspase-1, and interleukin-1β (IL-1β) mRNA analysis during infection. Blood was also collected for the determination
of IL-1β concentration.

Results: Rabbits infected with T. pallidum (both the BPG treatment and no BPG treatment subgroups), exhibited
NLRP3 inflammasome activation and IL-1β secretion in cutaneous lesions, showing a trend in elevation to decline;
NLRP3 mRNA expression reached a peak at 18 d in the BPG treatment subgroup and 21 d in the no BPG treatment
subgroup and returned to “normal” levels [vs. the blank group (P > 0.05)] at 42 d post-infection. The trend was similar to
the change in cutaneous lesions in the infected rabbits, which reached a peak at 16 d in the BPG treatment subgroup
and 18 d in the no BPG treatment subgroup. NLRP3, caspase-1, and IL-1β mRNA expression levels were slightly different
in different organs. NLRP3 inflammasome activation was also observed in the kidney, liver, lung, spleen and testis. IL-1β
expression was observed in the kidney, liver, lung and spleen; however, there was no detectable level of IL-1β in the
testes of the infected rabbits.

Conclusions: This study established a clear link between NLRP3 inflammasome activation and the development of
tissue inflammation in rabbits infected with T. pallidum. BPG therapy imperceptibly adjusted syphilitic inflammation.
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Background
Syphilis is a sexually transmitted disease caused by the
bacterial spirochete Treponema pallidum [1]. The inflam-
matory processes induced by T. pallidum within infected
tissues result in the development of lesions, and lesion
resolution has been reported previously [2]. The innate
immune system, the first line of host defense of microbial
infection, is recognized as the major contributor to the
acute inflammation induced by tissue damage or microbial
infection [3]. The innate immune system has an impera-
tive function in controlling the initial pathogen invasion
and activates various members of the nucleotide-binding
leucine-rich receptor (NLR) family in the cytoplasm,
resulting in the assembly of an NLR-containing multipro-
tein complex that recruits and activates caspase-1, leading
to interleukin-1β (IL-1β) production [4].
NLRP3 is the best-characterized member of the NLR

family involved in the innate immune system; this sys-
tem is activated by exogenous and endogenous stimulatory
factors, such as bacteria, viruses, fungi, and components of
dying cells [5, 6], and NLRP3 serves as a platform for the
activation of caspase-1 and the maturation of the pro-
inflammatory cytokine IL-1β to engage in the innate
immune response [7]. The role of the NLRP3 inflam-
masome in pathogenic infections, such as those caused
by Pneumococcus [8], Helicobacter pylori [9], Neospora
caninum [10], and Mycobacterium tuberculosis [11] has
been demonstrated. However, the involvement of
NLRP3 in the inflammatory processes of T. pallidum
infection is poorly understood.
In this study, we investigate the expression of the

NLRP3 inflammasome during the development of tissue
inflammation associated with syphilis, the activation of
the inflammasome and release of IL-1β were estimated
during T. pallidum infection in a rabbit model.

Methods
Animal experiments
The T. pallidum Nichols strain was kindly provided by
Lorenzo Giacani, Ph.D. (University of Washington,
Seattle) and was propagated via intra-testicular serial
passage in New Zealand white rabbits to maintain viru-
lence in our laboratory as previously described [12].
Forty-five male New Zealand white rabbits (purchased
from the Xiamen University Laboratory Animal Center,
weighing approximately three kilograms each) with
negative results in both the reactive rapid plasma reagin
and T. pallidum particle agglutination tests, were ran-
domly assigned to two groups, a blank group (n = 15)
and an infection group (n = 30). The latter was divided
into the no benzathine penicillin G (BPG) treatment
subgroup (n = 15) and the BPG treatment subgroup (n
= 15). The animals were housed individually at 16 to

18 °C and were fed with antibiotic-free food and water.
Rabbits in the infection group were injected intrader-
mally with 0.1 mL of a 107 treponeme/mL suspension
at 10 marked sites along the back, while rabbits in the
blank group were injected with normal saline. The
backs of the rabbits were meticulously kept free of fur
by daily clipping throughout the experiment. Rabbits in
the BPG treatment subgroup received 200,000 U of
BPG administered intramuscularly twice, at 14 d and
21 d post-infection.
One representative site of each animal was selected

separately and biopsied (4-mm punch biopsies obtained
under local lidocaine anesthesia) for RNA extraction at
1, 4, 7, 10, 14, 18, 21, 28, 35 and 42 d post-infection.
One representative site on each animal was dedicated
exclusively for the observation of lesion appearance and
development up to 42 d post-infection; the diameter of
the lesion was measured using a vernier caliper. Three
animals were randomly selected for euthanasia in the
two groups at 7, 14, 21, 28, and 42 d post-infection, and
the kidney, liver, spleen, lung, and testis organs were
then harvested for experimental analysis. Blood was col-
lected at 1, 4, 7, 10, 14, 18, 21, 28, 35 and 42 d post-
infection, and serum was isolated and frozen at − 80 °C
until analysis of the IL-1β concentration. All protocols
involving animals were approved in advance by the ani-
mal experimental ethics committee of the Medical Col-
lege of Xiamen University.

NLRP3/caspase-1/ IL-1β mRNA expression analysis
To assess the expression of mRNA, total RNA from le-
sions/tissues was isolated using the RNeasy Kit (Qiagen
Inc., Valencia, CA) and was reverse transcribed using a
high-capacity cDNA reverse transcription kit (Takara
Inc., Dalian, China). The generated cDNA was amplified
using quantitative PCR assays and the SYBR Advantage
PCR Premix (Takara Inc., Dalian, China) with the 7500
Real Time PCR System (Applied Biosystems, Carlsbad,
USA). The following primer pairs were used: NLRP3,
(5’-CCACTTCCCCAGAATCGAGA-3′ and 5’-TGGAC
GTGAGACAGGAGTTC-3′); Caspase-1, (5’-CAAGTCT
CAAGCTTTGCCCG-3′ and 5’-TAATGAGGGCAAGA
CGGGTG-3′); IL-1β, (5’-GGATGACGGCCTGAGAAC
TT-3′ and 5’-TACGTGCCAGACAACACCAA-3′); and
GAPDH, (5’-GCTTCTTCTCGTGCAGTGCA-3′ and 5’-
ATGACCAGCTTCCCGTTCTC -3′). After amplifica-
tion, Ct values were normalized to GAPDH as an internal
control, and the relative copy number was determined
using the standard 2-△△Ct method [13]. A commercial
enzyme-linked immunosorbent assay kit (Cloud-Clone
Inc., USA) was used to measure the IL-1β levels in the
rabbit serum samples according to the manufacturer’s
instructions.
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Statistical analysis
The data were expressed as the mean ± SD. Statistical ana-
lyses were performed using the SPSS 13.0 software (SPSS
Inc., Chicago, USA). Student’s t-test was applied to com-
pare the means between two groups. In cases with more
than two groups, a one-way analysis of variance was
employed to examine the differences between the groups,
and Dunnett’s post-comparison test was used to conduct
multiple comparisons. A 2-tailed P value of less than 0.05
was accepted as being statistically significant.

Results
Development of cutaneous lesions in rabbits infected
with T. pallidum
In the infected rabbits, cutaneous lesions began to de-
velop at 4 d post-infection and then reached a peak at
16 d in the BPG treatment subgroup and at 18 d in the
no BPG treatment subgroup (Fig. 1a, b). In the BPG
treatment subgroup, the lesions gradually began to
shrink at 16 d (2 d after the first BPG treatment) and
subsequently disappeared at 28 d post-infection. The cu-
taneous lesions disappeared at an earlier time point in
the BPG treatment subgroup than that in the no BPG
treatment subgroup (28 d vs. 42 d). The lesions were
barely detectable at 35 d and disappeared at 42 d in the
no BPG treatment subgroup. The cutaneous lesions in

the no BPG treatment subgroup were significantly larger
than those in the BPG treatment subgroup at 18, 21, 24,
28 and 35 d post-infection (Fig. 1c) (P < 0.05). No lesions
developed in the blank group (data not shown).

NLRP3 inflammasome activation in the cutaneous lesions
of infected rabbits
In the infected rabbit group, the NLRP3 mRNA levels
showed a trend in elevation to decline and reached a
peak at 18 d post-infection in the BPG treatment sub-
group and at 21 d in the no BPG treatment subgroup. In
the BPG treatment subgroup, NLRP3 mRNA expression
was suppressed at 18 d post-infection (4 d after the first
BPG treatment) and returned to “normal” levels [(i.e.,
not significantly different from the blank group (P >
0.05)] at 42 d post-infection. Notably, the level of NLRP3
mRNA exhibited a reduction at an earlier time point in
the BPG treatment subgroup (18 d) than that in the no
BPG treatment subgroup (21 d). The expression of
NLRP3 mRNA in the no BPG treatment subgroup was
significantly higher than that in the BPG treatment sub-
group at 21, 28, and 35 d post-infection (P < 0.05)
(Fig. 2a). However, the expression of caspase-1 and IL-1β
mRNA showed a “saddle pattern” of change over time
post-infection; caspase-1 expression reached an initial
peak at 7 d and a second peak at 28 d, while IL-1β

Fig. 1 Dynamics of the cutaneous lesion size in rabbits infected with T. pallidum. a Lesions of one representative rabbit in the BPG treatment
subgroup at 16 d. b Lesions of one representative rabbit in the no BPG treatment subgroup at 18 d. c Dynamics of the cutaneous lesion size in
rabbits infected with T. pallidum. The arrow shows the time point of BPG treatment. The results are expressed as the mean ± SD. Student’s t-test
was applied to compare the means of the diameters between the BPG treatment and no BPG treatment subgroups. *P < 0.05
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mRNA reached a first peak at 14 d and a second peak at
28 d in both the BPG treatment and no BPG treatment
subgroups (Fig. 2b, c). Notably, despite different trends in
the expression of NLRP3, caspase-1, and IL-1β mRNAs in
cutaneous lesions during infection, at 42 d post-infection,
the expression of all three mRNAs returned to “normal”
levels [i.e., were not significantly different from the blank
group levels (P > 0.05)] in both the BPG treatment and no
BPG treatment subgroups. The expression of NLRP3, cas-
pase-1, and IL-1β mRNAs was maintained at a low level
and showed no fluctuations in the blank group during the
experimental period (Fig. 2).

IL-1β secretion in rabbits infected with T. pallidum
Except at 1 d and 42 d post-infection, the IL-1β con-
centration in the infection group was significantly
higher than that in the blank group, which maintained
a low level with no fluctuations. The dynamic tendency
of the serum IL-1β concentration in the BPG treatment
subgroup was similar to that in the no BPG treatment
subgroup, which presented a trend of increasing early
and a later decrease (Fig. 3). The serum IL-1β level
reached a peak at 18 d in the BPG treatment subgroup
and at 21 d in the no BPG treatment subgroup, before
returning to normal levels [i.e., not significantly different

Fig. 2 Dynamics of NLRP3, caspase-1, and IL-1β mRNA expression in cutaneous lesions in rabbits infected with T. pallidum. a Dynamics of NLRP3
mRNA in cutaneous lesions in rabbits infected with T. pallidum. b Dynamics of caspase-1 mRNA in cutaneous lesions in rabbits infected with T.
pallidum. c Dynamics of IL-1β mRNA in cutaneous lesions in rabbits infected with T. pallidum. The arrow shows the time point of BPG treatment.
Values represent the mean ± SD of triplicate experiments. A one-way analysis of variance was employed to examine the differences in the three
groups, and Dunnett’s post-comparison test was used to conduct multiple comparisons. * P < 0.05, the BPG treatment subgroup or no BPG treatment
subgroup vs. the blank group. # P < 0.05, the BPG treatment subgroup vs. the no BPG treatment subgroup
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from the blank group level (P > 0.05)] at 42 d post-
infection.

NLRP3 inflammasome expression in the organs of rabbits
infected with T. pallidum
Additionally, the dynamics of NLRP3, caspase-1, and IL-
1β mRNAs were monitored in five organs: the kidney,
liver, spleen, lung, and testis. The results showed that
NLRP3, caspase-1, and IL-1β mRNAs had different ex-
pression levels in the different organs of infected rabbits.
The NLRP3 mRNA expression levels in the infection
group showed a trend in elevation to decline in all five
organs but was still higher than “normal” at the endpoint
of the study (vs. the blank group, P < 0.05) (Fig. 4a-e).
Similar to the trend in NLRP3, caspase-1 mRNA showed
an initial increase and then a decreasing trend later in
four organs (kidney, liver, lung, and testis). The expres-
sion of caspase-1 mRNA in the kidney showed a “saddle
pattern” of change over time post-infection, which was
different from that in the other three organs (liver, lung,
and testis) and remained higher than that in the blank
group at the endpoint of the study (P < 0.05). However,
caspase-1 mRNA level in the spleen was not different
among the BPG treatment subgroup, the no BPG treat-
ment subgroup, and the blank group (Fig. 4f-j). Regard-
ing the expression level of IL-1β mRNA, there was no
difference in the testes among the BPG treatment sub-
group, the no BPG treatment subgroup, and the blank
group. However, IL-1β mRNA expression showed an
earlier increase and later decrease in the kidney, liver,
spleen, and lung and returned to normal at 21 d in the
kidney and 42 d in the liver [vs. the blank group (P >
0.05)]. IL-1β mRNA was still expressed in the lung and
spleen (vs. the blank group, P < 0.05) at the endpoint of
the study (42 d post-infection) (Fig. 4k-o).

Discussions
T. pallidum can provoke an intense innate immune re-
sponse, which is generally believed to be the cause of

tissue damage [14]. In a rabbit model, T. pallidum infec-
tion presents with the progression of macrophage activa-
tion and mononuclear cell infiltration at the sites of the
experimental inoculation [15]. Immunohistochemistry
and real time-PCR analysis of biopsy specimens obtained
from primary and secondary syphilis lesions demonstrate
that syphilitic skin lesions are also composed of macro-
phages and lymphocytes that express mRNAs for IL-1β,
Interferon-γ and IL-12 in experimentally infected rabbit
tissues [16] and human primary syphilitic lesions [17].
Results from prior studies have confirmed that innate
immune cells, such as macrophages, can express pattern
recognition receptors and sense microbes by recognizing
the pathogen-associated molecular patterns of pathogens
[18]; then various members of the NLR family in the
cytoplasm are activated, resulting in the assembly of an
NLR and the activation of caspase-1, leading to IL-1β
production [4]. NLRP3 inflammasome activation/IL-1β
release results in hepatocyte pyroptosis, liver inflamma-
tion, and fibrosis in mice [19]. In the present study, we
found that NLRP3 inflammasome activation and IL-1β
secretion were exhibited in T. pallidum-infected rabbits
at the early phase and showed a trend in elevation to de-
cline. The trend was similar to the changes in the lesions
of the infected rabbits, which showed evidence of a link
between NLRP3 inflammasome activation and inflam-
matory injury caused by the T. pallidum infection. The
activation of the NLRP3 inflammasome is closely related
to disease development.
Penicillin has been recommended as the mainstay of

treatment for all types of syphilis since this drug was
first used for this indication in 1943 [20]. In this study,
we also investigated the effect of penicillin treatment on
the expression of the NLRP3 inflammasome during the
development of tissue inflammation due to syphilis. We
found that regardless of whether the infected rabbits re-
ceived BPG treatment, the expression levels of NLRP3,
caspase-1, and IL-1β in cutaneous lesions all showed an
identical trend in elevation to decline, similar to the

Fig. 3 Dynamics of the IL-1β concentration in rabbits infected with T. pallidum. Values represent the mean ± SD of triplicate experiments. A one-way
analysis of variance was employed to examine the differences between groups, and Dunnett’s post-comparison test was used to conduct multiple
comparisons. * P < 0.05, the BPG treatment subgroup or no BPG treatment subgroup vs. the blank group
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Fig. 4 (See legend on next page.)
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trend found in the cutaneous lesions, and the expression
of NLRP3, caspase-1, and IL-1β mRNAs in lesions even-
tually returned to “normal” levels in both the BPG treat-
ment and no BPG treatment subgroups, but the time
point of reduction was slightly different. The cutaneous
lesions disappeared at an earlier time point (at 28 d) in
the BPG treatment subgroup than in the no BPG treat-
ment subgroup (at 42 d). In addition, NLRP3 mRNA ex-
pression was suppressed at an earlier time point in the
BPG treatment subgroup (18 d) than in the no BPG
treatment subgroup (21 d). BPG therapy imperceptibly
adjusted syphilitic inflammation.
T. pallidum disseminates systemically and induces in-

flammation in diverse tissues and organs [21]. Innate im-
mune cells, such as macrophages in tissues and organs
not only mediate bacterial clearance but also lead to tis-
sue damage and clinical symptoms [22]. In this study,
we detected NLRP3 inflammasome activation in five or-
gans, the kidney, liver, lung, spleen and testis, further
confirming that T. pallidum induced systemic inflamma-
tory during infection. We also found that IL-1β was
expressed in the kidney, liver, lung and spleen tissue but
was not detectable in the testes of the infected rabbits.
One possible explanation is that there may be some dif-
ference in the number of IL-1β-producing cells (such as
macrophages) or in the cellular function cytokine pro-
duction in response to T. pallidum stimulation among
different organs, The other possible reason is that the
testis represents a distinct immunoprivileged site where
invading pathogens can be tolerated without evoking
detrimental immune responses [23]. In addition, we
found that NLRP3 was differently expressed in different
organs and was also recovered at different times, further
confirming the existence of different immune response
profiles to T. pallidum in different organs. Additionally,
only three animals were harvested for experimental ana-
lysis; thus, the possibility of individual differences in the
immune response of animals may result in the non-
regularity. Further study requires more animals to elim-
inate individual differences.
In this study, we demonstrated that T. pallidum-in-

duced inflammasome activation was positively correlated
with changes in the skin lesions of rabbits. Further stud-
ies are required to understand the mechanisms of
NLRP3 inflammasome regulation by IL-1β in T. palli-
dum infection. Also, T. pallidum multiplicity may

correlate with the different disease outcome [1, 24], the
immune response to different T. pallidum strains would
deserve our future study. In addition, we only monitored
the changes at 42 d post-infection. Therefore, further
studies are required to determine changes in the NLRP3
inflammasome in rabbits with relapse in the no BPG
treatment subgroup.

Conclusions
In the present study, we established a clear link between
NLRP3 inflammasome activation and the development
of tissue inflammation in rabbits infected with T. palli-
dum; NLRP3 inflammasome activation was similar to
the process of self-limited disease. We also found that
BPG therapy imperceptibly altered the syphilitic inflam-
mation, but the underlying mechanism remains unclear.
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