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Enhanced drug delivery to the reproductive tract using 
nanomedicine reveals therapeutic options 
for prevention of preterm birth
Hannah C. Zierden1,2, Jairo I. Ortiz1,3, Kevin DeLong1,3, Jingqi Yu1,4, Gaoshan Li1,2, 
Peter Dimitrion1, Sabrine Bensouda1, Victoria Laney1,2, Anna Bailey1,4, Nicole M. Anders5, 
Morgan Scardina5, Mala Mahendroo6, Sam Mesiano7, Irina Burd8, Gunter Wagner9,  
Justin Hanes1,2,3,4,5, Laura M. Ensign1,2,3,4,5,8*

Inflammation contributes to nearly 4 million global premature births annually. Here, we used a mouse model of 
intrauterine inflammation to test clinically used formulations, as well as engineered nanoformulations, for the 
prevention of preterm birth (PTB). We observed that neither systemic 17a-hydroxyprogesterone caproate (Makena) 
nor vaginal progesterone gel (Crinone) was sufficient to prevent inflammation-induced PTB, consistent with 
recent clinical trial failures. However, we found that vaginal delivery of mucoinert nanosuspensions of histone 
deacetylase (HDAC) inhibitors, in some cases with the addition of progesterone, prevented PTB and resulted in 
delivery of live pups exhibiting neurotypical development. In human myometrial cells in vitro, the P4/HDAC inhibitor 
combination both inhibited cell contractility and promoted the anti-inflammatory action of P4 by increasing 
progesterone receptor B stability. Here, we demonstrate the use of vaginally delivered drugs to prevent intrauterine 
inflammation–induced PTB resulting in the birth of live offspring in a preclinical animal model.

INTRODUCTION
It was estimated that the yearly economic burden of preterm birth 
(PTB) tops $26 billion in the United States alone (1, 2). Around 
15 million babies are born preterm each year, making PTB the largest 
contributor to infant mortality and morbidity worldwide (3, 4). The 
only U.S. Food and Drug Administration (FDA)–approved therapy 
for the prevention of PTB is an intramuscular injection of the 
synthetic progestin 17a-hydroxyprogesterone caproate (17-OHPC; 
Makena). However, a recent randomized double-blind controlled 
trial demonstrated that Makena failed to decrease PTB rates in 
women with a history of spontaneous PTB and had no impact on 
fetal morbidity (5). In response, the FDA’s Center for Drug Evaluation 
and Research (CDER) has issued a recommendation that Makena 
be withdrawn from the market, which would leave the field with no 
approved prophylaxes for PTB (6–9).

Vaginal progesterone (P4) gel (Crinone) is used off-label to pre-
vent premature delivery in women with a sonographic short cervix 
(10). Vaginally administered drugs are optimal for targeting the fe-
male reproductive tract, because they are preferentially transported 
to the uterus before reaching the systemic circulation as a result of 
countercurrent exchange between the vaginal veins and uterovaginal 

arteries or lymphatic vessels, via the uterine first-pass effect (11). 
However, vaginal drug administration must be engineered to effec-
tively overcome the cervicovaginal mucus (CVM) that protects the 
female reproductive tract. Mucus is the primary barrier to drug 
absorption and retention, and the physiology and structure of the 
various epithelial surfaces further limit effective drug delivery (12, 13). 
We have previously demonstrated that water absorption induced by 
hypotonic vehicles increases the vaginal distribution of mucoinert 
nanoparticles (12) and that these formulations can enhance mucosal 
absorption of poorly soluble drugs (14, 15). We previously showed 
that our mucoinert P4 nanosuspension (NS) was more effective 
than Crinone gel in preventing PTB in a model of P4 withdrawal 
(15). Both 17-OHPC and Crinone have shown varied efficacy in 
clinical trials, as well as in preclinical animal studies (10, 16), high-
lighting the critical need for better understanding of how drug 
action in vivo, formulation, and route of drug administration play a 
role in the effective prevention of PTB.

Inflammation and infection account for 25 to 40% of all PTBs 
with intact membranes (4) and 20 to 30% of cases of preterm pre-
mature rupture of membranes (17). In addition, inflammation and 
infection can lead to fetal inflammatory response syndrome, which 
is associated with fetal brain injury (18). However, progestin sup-
plementation in the context of inflammation is controversial (19–22). 
Although systemic P4 concentrations steadily increase over the 
course of normal human gestation (23, 24), P4 is known to have 
different functional roles mediated by the two predominant proges-
terone receptor (PR) isoforms A and B (25–27). PRB, which is more 
dominant in early pregnancy, promotes the anti-inflammatory 
action of P4 and maintains uterine quiescence (28, 29). Conversely, 
the ratio of PRA to PRB increases in the myometrium over the 
course of pregnancy, facilitating a switch in P4 action (28, 29). PRA 
decreases the myometrium’s sensitivity to the anti-inflammatory 
actions of P4 and helps coordinate contractions (30). Normal term 
labor is inherently a proinflammatory process enabled by this 
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functional P4 withdrawal, and proinflammatory stimuli have been 
shown to similarly enhance the stability of PRA (30). Thus, P4 
supplementation would not have a therapeutic benefit in the setting 
of inflammation-induced PTB, potentially explaining the limited 
clinical success.

Murine models of inflammation-induced PTB have been used to 
assess therapeutic efficacy in preventing PTB and mitigating neuro-
logical deficits in offspring (18, 31–34). One of the more common 
animal models involves intrauterine injection of lipopolysaccharide 
(LPS) on embryonic day 15 of 19 (E15) or later term on E17 (32, 35, 36). 
Prior studies examining systemic progestins for preventing inflammation- 
induced PTB described maintenance of in utero fetal viability at 
8 to 24 hours after injection on E15 but either did not evaluate birth 
outcomes or reported that no live pups reached full term (34, 37, 38). 
Similarly, systemic pretreatment (PT) with P4 did not alter the PTB 
rate with later-term (E17) intrauterine LPS exposure (32). Here, 
using our recently described murine model of intrauterine LPS 
injection (39), we show that P4 alone does not prevent inflammation- 
induced PTB. Further, in some cases, P4 actually worsened outcomes, 
supporting the idea that P4 alone may not be suitable for therapeutic 
use in inflammation-induced PTB.

Histone deacetylase (HDAC) inhibitors have been studied 
preclinically for use in a variety of inflammatory disorders and have 
been studied in the context of parturition (40–43). It has been ob-
served that histone deacetylation increases at term in the myometrium 
(43) and in the cervix (44, 45). Here, we present findings using 
HDAC inhibitors for the prevention of PTB in a preclinical murine 
model. We engineered mucoinert NS of both P4 and two HDAC 
inhibitors and showed that HDAC inhibitors, both with and with-
out P4 supplementation, reduced PTB rates, leading to delivery of 
live, neurotypical offspring. Systemic delivery of the same drugs had 
no effect on PTB rate. Using human myometrial cells, we demon-
strate that the P4/HDAC inhibitor combination resulted in a shift 
in PR ratio, promoting PRB expression, which supports the anti- 
inflammatory action of P4. Further, the P4/HDAC inhibitor combi-
nation suppressed human myometrial cell contractility in vitro 
when incubated at the drug concentrations measured in mouse 
myometrial tissue after vaginal dosing in vivo. These results highlight 
the utility of nanomedicine-based drug delivery strategies for increasing 
our understanding of the processes that lead to inflammation- 
induced PTB and developing therapeutic strategies for prevention.

RESULTS
Clinically used progestin therapies do not prevent 
inflammation-induced PTB in a murine model
We first sought to test the only FDA-approved drug for the prevention 
of PTB, systemic 17-OHPC, in our murine model of inflammation- 
induced PTB. As described in our recent publication, we adapted the 
intrauterine LPS injection model to use double distal injections (DDIs), 
which increased uniformity of the inflammatory stimulus, increased 
expression of contractility genes in the myometrium, led to a linear dose 
response, and increased PTB induction rates, as compared to the single 
proximal injection (SPI) model (39). Dams were given intrauterine 
injections of 20 g of LPS and treated systemically with 80 g of 
17-OHPC (Makena), resulting in 87.5% PTB (n = 7 of 8) compared 
to 90% PTB (n = 27 of 30) in the LPS control group (Fig. 1A). We 
previously demonstrated that formulating P4 for increased local 
vaginal drug absorption and delivery to the reproductive tract tis-

sues via the uterine first-pass effect led to more effective prevention 
of PTB in the mifepristone (RU486) model of P4 withdrawal (15). 
Given the anti-inflammatory effects of P4, we next sought to test 
the hypothesis that improved P4 delivery to the reproductive tract 
would lead to more effective prevention of inflammation-induced 
PTB. We tested the vaginal P4 gel (Crinone) at the same dose that 
showed some therapeutic effect in the RU486 model, 8 mg, but all 
of the animals were delivered preterm (100% PTB, n = 6 of 6), com-
pared to 90% PTB in the LPS control group (Fig. 1A) (15). To rule 
out the possibility that the LPS induction was too severe, we next 
tested these clinical formulations after injections of 15 g (Fig. 1B) 
and 5 g (Fig. 1C) of LPS. Similarly, no therapeutic effect on the 
PTB rates was observed at 15 g of LPS (73% PTB, n = 11 of 15) for 
P4 gel (100% PTB, n = 7 of 7) or at 5 g of LPS (38% PTB, n = 5 of 13) 
for either 17-OHPC injection (50% PTB, n = 5 of 10) or P4 gel (50% 
PTB, n = 5 of 10). The saline sham control (0 g of LPS) had 0% PTB 
(n = 0 of 20) as expected; however, dosing 8 mg of vaginal P4 gel to 
saline sham–treated mice led to 55% PTB (n = 6 of 11) (Fig. 1D).

Vaginal progesterone alone is insufficient for preventing 
inflammation-induced PTB in a murine model
We previously observed that a single vaginal treatment of Crinone 
gel in pregnant mice led to local inflammation, likely due to the 
hypertonic excipients (15, 46), and thus thought that it was possible 
that the local inflammation caused by Crinone gel could be contrib-
uting to the PTB phenotype. In addition to providing increased P4 
delivery to reproductive tract tissues, we previously found that our 
mucoinert P4 NS did not cause notable inflammation or toxicity 
with vaginal dosing (15). To perform dose ranging experiments, we 
formulated P4 NS at 5, 25, 50, 80, and 250 mg/ml (Table 1 and 
Fig. 2). Similar to what we previously described (15), P4 was stabi-
lized with 2 to 6% F127 in water and nanomilled in a 2.0-ml Eppendorf 
tube with 1.5 to 3.5 g of zirconium oxide–stabilized homogeniza-
tion beads (ZROB05) for 10 hours. Size was checked over the course 
of 10 hours of nanomilling to minimize size and polydispersity 
index (PDI). For all formulations, diameter (gray bars in Fig. 2A) 
decreased over the course of 10 hours, leading to final formulations 
in the range of 300 to 380 nm to allow effective mucus penetration. 
PDIs (white dots in Fig. 2A) were between 0.10 and 0.25, indicating 
relative homogeneity in nanoparticle size. The -potential (black 
bars in Fig. 2A) values were between −2.5 and 0.0 mV (Table 1). The 
physicochemical properties of the P4 NS (50 mg/ml) over the course 
of 10 hours of milling are shown in Fig. 2A. Again, working with the 
20 g of LPS induction, we tested four different doses of vaginal P4 
NS (100 g, 100% PTB, n = 5 of 5; 500 g, 88% PTB, n = 7 of 8; 1 mg, 
85% PTB, n = 17 of 20; and 5 mg, 100% PTB, n = 5 of 5) as shown in 
Fig. 2B. In no case did the treatment have an effect on the PTB rate. 
Because of the lack of PTB prevention with P4 dosing after LPS 
challenge, we then tested whether P4 PT would be more effective in 
preventing inflammation-induced PTB. Dams were given 8 mg of 
P4 on the mornings of E13 and E14. On E15, dams were challenged 
with 20 g of LPS and given another dose of 8 mg of P4, resulting in 
100% PTB (n = 6 of 6) (Fig. 2C).

Progesterone combined with trichostatin A prevents 
inflammation-induced PTB when dosed vaginally 
in a murine model
It was previously shown that systemic administration of trichostatin A 
(TSA), a potent HDAC inhibitor, delayed normal term delivery in 
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mice (43). It has also been suggested that a decrease in histone 
acetylation at term may affect PR function supportive of the anti- 
inflammatory activity of P4 (43, 47). Thus, we hypothesized that 
combining TSA with P4 may improve the therapeutic action of 
P4 in inflammation-induced PTB. We sought to formulate a TSA 
NS with physicochemical properties appropriate for improved mu-
cosal distribution and vaginal drug absorption. Table S1 details the 
iterations of tube size, bead mass, F127 concentration, and concen-
tration of additional stabilizers (HS15, F68, or TPGS) tested. A final 
TSA formulation was identified as having the optimal combination 
of physical characteristics, including low size, low PDI, near-neutral 
-potential, and reproducibility between batches (table S1). The fi-
nal TSA NS was formulated using 4% F127 in a 1.5-ml Eppendorf 
tube, with 1.5 g of 0.5-mm zirconium silicate–stabilized homo-
genization beads (ZSB05) with a concentration of 1.5 mg/ml of TSA 
(Table 1). The physicochemical properties of the final TSA NS as a 
function of milling time are shown in Fig. 3A. NS diameter (gray 
bars in Fig. 3A) and PDI (white dots in Fig. 3A) generally decreased 
over the course of 10 hours of milling time (Fig. 3A). We then 
performed P4 NS dose ranging experiments in combination with 
the TSA NS. As shown in fig. S1, the vaginal P4/TSA NS combina-
tion was effective in preventing LPS-induced PTB at several P4 NS 
doses. We then compared the efficacy of vaginal administration of 
P4/TSA NS (1 mg/15 g) compared to either drug alone. As shown 
in Fig. 3B, P4 NS was ineffective with 85% PTB (n = 17 of 20) com-

pared to 90% PTB (n = 27 of 30) in the 
LPS control group. The PTB rate for the 
TSA NS group was 70% (n = 14 of 20). 
The combination of P4/TSA NS reduced 
the PTB rate to 60% (n  =  12 of 20; 
P = 0.003). We then repeated the exper-
iment to compare vaginal administration 
of the P4/TSA NS to systemic adminis-
tration at the same dose. In this experi-
ment, vaginal administration of P4/TSA 
NS resulted in 50% PTB (n = 4 of 8), 
whereas equivalent doses of P4/TSA NS 
given by intraperitoneal injection resulted 
in 87.5% PTB (n = 7 of 8) (Fig. 3C). 
Vaginal administration significantly 
prevented PTB in the LPS-induced 
murine model compared to systemic 
administration (P = 0.048) (Fig. 3C). In 
the vehicle control study, 30 l of 4% 
F127 (w/v) showed no difference in 
PTB rate (83%, n = 5 of 6), as compared 
to the LPS control (fig. S2).

Vaginal drug NS combination 
treatment leads to delivery  
of live pups that exhibit 
neurotypical development
Pup viability was calculated for each 
litter as a percentage relative to the 
number of viable pups in utero on E15 
for litters born to dams after treatment 
with P4 NS, TSA NS, and P4/TSA NS 
(Fig. 3D). This viability measure is 
useful for comparison, as we have seen 

CD-1 litters on E15 ranging in size from 6 to 19 pups (fig. S3). When 
calculating the average pup viability, litters that were delivered 
prematurely were not included because the viability was 0% at all 
degrees of prematurity. We observed that vaginal treatment with 
either TSA NS or P4/TSA NS significantly increased average pup 
viability in litters compared to the LPS control group (P < 0.001 
and P = 0.0021, respectively) (Fig. 3D). Individual litter viability is 
shown in fig. S4.

Exposure to inflammation in utero can lead to neurological defi-
cits (3, 18, 36), so we next sought to analyze the neurological devel-
opment of pups born after vaginal P4/TSA NS treatment to prevent 
inflammation-induced PTB. It has been shown that an increased 
brain weight percentage is indicative of delayed neurological devel-
opment (48). We collected pup brains on postnatal day (PND) 22 
and measured their weight as a percentage of the pup body weight. 
As shown in Fig. 3E, there was no difference in the brain weight 
percentages for either male or female pups after treatment with 
P4/TSA NS compared to the pups from dams receiving saline sham 
surgery. In addition, we performed behavioral tests to gauge the 
neurological development of offspring. The LPS control group had 
very low rates of term delivery (Fig. 3B) and low fetal viability (Fig. 3D 
and fig. S4), so we compared pups in the treatment group to the 
unexposed pups in the saline sham group. Figure 3 shows results for 
cliff aversion (Fig. 3F), negative geotaxis (Fig. 3G), and surface righting 
tests (Fig. 3H), as well as the time spent in center (Fig. 3I), distance 

Fig. 1. PTB prevention with clinical treatments. Pregnancy survival curves showing the percentage of animals re-
maining pregnant after DDI of LPS on E15. (A) Daily intraperitoneal injection of Makena (17-OHPC) (80 g, n = 8) or 
vaginal administration of Crinone (8 mg, n = 6) compared to 20 g of LPS alone (n = 10). (B) Daily vaginal administra-
tion of Crinone (n = 7) compared to 15 g of LPS alone (n = 15). (C) Daily intraperitoneal injection of Makena (n = 10) 
or vaginal administration of Crinone (n = 10) compared to 5 g of LPS alone (n = 13). (D) Daily vaginal administration 
of Crinone (n = 11) compared to saline sham (n = 20) (*P = 0.0002, Mantel-Cox test).
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traveled (Fig. 3J), and average velocity (Fig. 3K) for pups during 
the open field test. Pups that failed a given task were excluded. 
In Fig. 3G, only one pup from the P4/TSA NS group passed the 
negative geotaxis test on PND 5. Failure rates were similar across 
groups and decreased with increasing age (table S2). There were 
no differences between saline sham and the P4/TSA NS group 
for any tests performed on any of the test days (PNDs 9, 13, 15, 17, 
and 22) (Fig. 3, F to K). Decreased endotoxin content in the am-
niotic fluid was observed in the all three treatment groups compared 
to the LPS control group 8 hours after LPS exposure (P = 0.001) 
(fig. S5).

Vaginally administered TSA 
localizes and rapidly converts 
to active metabolites 
in reproductive tract tissues
We have previously investigated the 
pharmacokinetics (PK) of P4 when dosed 
vaginally (15). We compared the PK of 
8 mg of P4 when given as a gel (Crinone) 
or as an NS and showed that NS provided 
an increased area under the curve (AUC) 
in the plasma, cervix, and uterine tissues 
(15). Here, we dosed the P4/TSA (1 mg/15 g) 
NS combination to assess the drug lo-
calization in the reproductive tract tis-
sues. As shown in Fig. 4, we saw similar 
double peaks in P4 in plasma and myo-
metrium around ~1 and ~4 hours due 
to recirculation after uterine first pass, 
as described previously (11, 15, 49). For 
TSA, peak concentrations in all com-
partments were observed at the earli-
est time point sampled (1 hour) and 
rapidly declined thereafter, consist ent 
with prior studies describing the me-
tabolism of TSA to active metabolites 
in vivo (50). TSA concentrations were 
undetectable after 1 hour in the distal 
myometrium, 2 hours in the proxi-
mal myometrium, and 6 hours in the 
plasma (Fig. 4). TSA concentrations 
declined but were still measurable in 
the cervical tissue for the full 12-hour 

time course, likely because the starting concentrations were much 
higher from the direct exposure to the NS (Fig. 4B). Figure S6 shows 
approximate concentrations of active metabolites of TSA analyzed 
using previously described methods (50). In the proximal myome-
trium, N-demethyl TSA amide and N-demethyl TSA acid showed a 
first peak at 1 hour, with a recirculation second peak around 
3 hours, indicative of uterine first-pass metabolism (fig. S6). We 
also dosed P4 NS (1 mg) alone to determine whether TSA had 
an effect on P4 metabolism (fig. S7). There was no difference in the 
P4 AUC for the plasma, cervix, distal, or proximal myometrial 
tissue (fig. S8).

Table 1. NS physical properties. P4, TSA, and SAHA NS formulations and sizes. Particles were formulated via wet milling (10 hours) in Pluronic F127. Size, PDI, 
and -potential are represented as means ± SD (n ≥ 3). 

Drug concentration % F127 (w/v) Beads type-mass (g) Tube size (ml) Size (nm) PDI -Potential (mV)

P4 (5 mg/ml) 2 ZROB05 (1.5) 2.0 346.4 ± 15.8 0.11 ± 0.07 −1.08 ± 0.84

P4 (25 mg/ml) 2 ZROB05 (2.4) 2.0 302.5 ± 9.7 0.17 ± 0.02 −1.59 ± 0.21

P4 (50 mg/ml) 2 ZROB05 (2.4) 2.0 305.9 ± 5.8 0.21 ± 0.15 −0.087 ± 0.012

P4 (80 mg/ml) 2 ZROB05 (2.4) 2.0 376.7 ± 14.1 0.19 ± 0.12 −0.92 ± 0.72

P4 (250 mg/ml) 6 ZROB05 (3.5) 2.0 315.5 ± 7.9 0.17 ± 0.06 −1.48 ± 0.17

TSA (1.5 mg/ml) 4 ZSB05 (1.5) 1.5 215.9 ± 12.9 0.12 ± 0.07 −0.06 ± 0.04

SAHA (1.5 mg/ml) 4 ZROB05 (1.5) 1.5 263.5 ± 48.6 0.37 ± 0.24 −2.44 ± 0.89

Fig. 2. PTB prevention with P4 NS treatments. (A) Diameter (gray bars), PDI (white dots), and -potential (black 
bars) of P4 NS (50 mg/ml) over 10 hours of nanomilling. Data are represented as means ± SEM (n ≥ 3). (B) Pregnancy 
survival curves showing the percentage of animals remaining pregnant after DDI of LPS on E15. Daily vaginal admin-
istration of various doses of P4 NS compared to 20 g of LPS alone (n = 20). (C) Daily PT with vaginal administration of 
8 mg of P4 NS starting on E13 (n = 6) compared to 20 g of LPS alone (n = 10).
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Prevention of inflammation-induced PTB was associated 
with changes in myometrial gene expression
When characterizing our adapted LPS model, we observed an in-
crease in expression of genes related to myometrial contractility 
(39). Here, we evaluated the effect of a single vaginal dose of P4 NS, 
TSA NS, and P4/TSA NS on expression of markers of inflammation 
in the myometrium 8 hours after LPS injection. It is worth noting, 
though, that more variability is expected in the treatment groups 
because each group contains dams that would go on to deliver 
preterm and dams that would not. As shown in Fig. 5A, the 20-g 
LPS dose significantly increased myometrium interleukin-6 (Il6) 
expression 14-fold compared to the saline sham group (P < 0.0001), 

consistent with prior demonstration of increased expression at time 
of labor (51). All treatment groups showed a significant decrease in 
Il6 expression, as compared to the LPS group (P = 0.0008 for P4, 
P = 0.0011 for TSA, and P = 0.0035 for P4/TSA) (Fig. 5A). Similarly, 
Il1 was significantly up-regulated threefold in the LPS group com-
pared to the saline sham group (P = 0.035) (Fig. 5B), consistent 
with what was previously described in inflammation-induced PTB 
(35, 52). None of the treatment groups showed differences in Il1 
expression compared to the LPS group (Fig. 5B). Nuclear factor 
-light-chain-enhancer (Nfb1) in activated B cells mediates the 
inflammatory response and plays a role in the onset of parturition 
(53). LPS alone resulted in a 4.2-fold increase in myometrial expression 

Fig. 3. PTB prevention and behavioral analyses for P4/TSA treatments. (A) Diameter (gray bars), PDI (white dots), and -potential (black bars) of TSA NS (1.5 mg/ml) 
over 10 hours of nanomilling. Data are represented as means ± SEM (n ≥ 3). (B) Pregnancy survival curves showing the percentage of animals remaining pregnant after 
DDI of 20 g of LPS on E15. Daily vaginal administration of P4 NS (1 mg, n = 20; repeated from Fig. 2B), TSA (15 g, n = 20), or P4/TSA NS (1 mg/15 g, n = 20) compared to 
LPS alone (n = 30) (**P = 0.003, Mantel-Cox test). (C) Daily vaginal administration of P4/TSA (n = 8) or intraperitoneal (i.p.) injection of P4/TSA NS (1 mg/15 g, n = 8) com-
pared to LPS alone (n = 10). Vaginal administration significantly reduced PTB rates compared to intraperitoneal injection (*P = 0.048) and LPS alone (P = 0.024). (D) For term 
litters, percentage of pups born live compared to viable pups counted on E15. *P < 0.05 and ***P < 0.001 compared to LPS. (E) Pup brain weight as a percentage of body 
weight for pups from the saline sham group or 20 g of LPS + P4/TSA on PND 22. (F to K) Behavioral tests for pups in the saline sham or 20 g of LPS + P4/TSA group: (F) 
cliff aversion, (G) negative geotaxis, (H) surface righting, (I) time in center for open field, (J) distance traveled in open field, and (K) average velocity in open field. Failures 
were not included in data analysis and are presented in table S2. Data are shown as means ± SEM (n ≥ 3).
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of Nfb1 compared to the saline sham (P < 0.0001) (Fig. 5C). Rela-
tive Nfb1 expression (with respect to the saline group) was 1.52 for 
the P4 NS group (P < 0.0001 compared to LPS), 1.54 for the TSA NS 
group (P < 0.0001 compared to LPS), and 1.49 for the P4/TSA group 
(P < 0.0001 compared to LPS) (Fig. 5C). Chemokine ligand 3 (Ccl3) 
is overexpressed in uterine tissues near the time of labor (54). Tissue 
from the LPS group showed a sixfold increase in Ccl3 expression 
compared to the saline sham group (P = 0.0024) (Fig. 5D). The TSA 
NS and P4/TSA NS groups showed a significant ~2.2-fold reduction 
in Ccl3 expression compared to the LPS group (P = 0.027 and 
P = 0.04, respectively) (Fig. 5D). Cyclooxygenase-2 (Cox2) expres-
sion occurs upstream of myometrial contractions (52, 55, 56). We 
observed a 13-fold increase in Cox2 expression in myometrial 
tissue from the LPS induction group compared to the saline sham 
(P = 0.0002) (Fig. 5E). The TSA NS group showed the largest de-
crease compared to the LPS group (6.5-fold; P = 0.0009), with the 
P4 NS–treated group decreased 3-fold (P = 0.013) and the P4/TSA 
NS group decreased 3.8-fold (P = 0.004) (Fig. 5E).

We also investigated how the expression of contractile genes was 
affected by vaginal drug treatment. Connexin-43 (Cx43) regulates 
smooth muscle contractions in the myometrium (52). As shown in 
Fig. 5F, the LPS induction group showed a 1.7-fold increase in Cx43 
expression compared to the saline sham group (P = 0.002). All 
treatment groups showed decreased Cx43 expression compared to 
the LPS group, with the P4/TSA group showing the largest average 
decrease (2.5-fold; P < 0.0001) (Fig. 5F). Oxytocin receptor (Oxtr) 
increases uterine responsiveness to contractile signals (57). The LPS 
induction group showed a twofold increase in Oxtr expression 
compared to the saline sham group (P = 0.13) (Fig. 5G). The P4 

treatment group was not different from 
the LPS group, whereas the P4/TSA 
group showed a significant 2.8-fold 
decrease in Oxtr expression compared 
to the LPS group (P = 0.03) (Fig. 5G). 
Zinc finger E-box–binding homeobox 1 
(Zeb1) has been shown to regulate uter-
ine quiescence in response to P4 (57). 
At the time of labor, Zeb1 expression 
decreases (57). There were no differ-
ences between groups when looking at 
Zeb1 expression (Fig. 5H). Last, we 
investigated changes in expression of 
steroid 5a reductase type 1 (Srd5a1), 
which is involved in P4 metabolism 
(58). Similar to what others have ob-
served in the cervix, the expression of 
Srd5a1 was down-regulated in myome-
trial tissue from LPS-treated mice as 
compared to the saline group (P = 0.048) 
(Fig. 5I) (58). There were no differences 
in Srd5a1 expression among treatment 
groups (Fig. 5I).

Figure S9 shows the expression of 
genes that were previously shown to be 
altered in the cervical tissue in mouse 
models of inflammation-induced PTB, 
as well as in term labor (58, 59). However, 
we did not observe differences in gene 
expression in the cervical tissue due to 

intrauterine LPS DDI compared to saline sham (fig. S9). Thus, 
despite high drug concentrations in the cervical tissue, we found 
few differences in the expression of these genes with vaginal drug 
treatment. There were no differences in Il6, Cx43, or matrix metallo-
proteinase 8 (Mmp8) expression. The TSA-treated group showed 
significant up-regulation of Cox2, as compared to the saline control 
group (P = 0.005) (fig. S9B). The P4-treated group showed signifi-
cant down-regulation of a disintegrin-like and metalloproteinase 
with thrombospondin type 1 motif (Adamts1), as compared to the 
saline control group (P = 0.02) (fig. S9E).

P4/TSA combination alters PR ratios in human myometrial 
cells in vitro
We next investigated how the combination of P4 and TSA affected 
the stability of PRA and PRB. We first attempted to quantify PR 
expression in murine tissues but were unable to visualize the PRs 
using several different antibodies (table S3). Although we were un-
able to conduct these studies in mice, we were able to bridge the gap 
to humans using hTERT-HMA/B cells. These cells are a subline of a 
telomerase-immortalized myometrial cell line developed from uter-
ine tissue from a premenopausal woman (60). hTERT-HMA/B cells 
have been modified to express PRA and PRB in response to doxycy-
cline (DOX) and diacylhydrazine (DAH), respectively, allowing for 
control over PR expression to mimic that in the term myometrium 
(29, 61). Figure 6A shows PRA and PRB induction in hTERT-
HMA/B cells using DOX and DAH. After 24-hour incubation with 
either P4 or TSA alone, there was no change in the PRA:PRB ratio, as 
compared to the control cells (Ctrl), whereas the combination of P4/TSA 
significantly decreased the PRA:PRB ratio in the hTERT-HMA/B 

Fig. 4. PK for P4/TSA treatment. P4 (left axis) and TSA (right axis) concentrations in (A) plasma, (B) cervical tissue, 
(C) proximal myometrial tissue, and (D) distal myometrial tissue collected from healthy dams after a single vaginal 
P4/TSA NS dose on E15. An empty square symbol indicates that TSA concentrations in all samples were below the 
lower limit of quantification (0.2 ng/ml or ng/g) at that time point. Gray dashed lines represent mean endogenous 
concentrations of P4 from untreated healthy E15 dams. Data are presented as median ± interquartile range (n = 3).
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cells (P = 0.032) (Fig. 6B). A lower PRA:PRB ratio promotes an 
anti-inflammatory action of P4 (29). The results here support the 
hypothesis that the combination of P4/TSA modulates PR expres-
sion in a manner that supports the anti-inflammatory action of P4.

P4/TSA concentrations in mouse myometrial tissue after 
vaginal dosing in vivo suppress contractility in human 
myometrial cells in vitro
We next sought to characterize how the P4/TSA drug combination 
affects contractility in human myometrial cells. Drug concentration 
ranges tested were based on peak drug concentrations measured in 
mouse myometrial tissue after vaginal drug dosing in the pharmaco-
kinetic experiments shown in Fig. 4. We first analyzed cell viability upon 
incubation with P4 and TSA alone and in combination. P4 was toxic to 
cells at the higher concentrations tested (20 and 40 M), although 
the cell viability was increased when coincubated with 0.5 M TSA 

(fig. S10). The PHM1-41 cells were then embedded in collagen to 
analyze how various drug concentrations affected contractility. 
Figure 6C shows the percentage of contraction at 96 hours. A black 
square represents 100% contraction, and a white square represents 
0% contraction. Wells treated with a combination of 20 M P4 with 
0.5 M TSA showed the least amount of contraction, decreasing in 
surface area by an average of 5.4 ± 4.1%. Conversely, cells treated with 
20 M P4 alone contracted 37.7 ± 13.8% (P = 0.002 compared to P4/TSA), 
and cells treated with 0.5 M TSA alone contracted 46.8 ± 21.4% 
(P = 0.001 compared to P4/TSA), indicating that the combination 
of P4/TSA was the most effective at suppressing contractility.

Vaginal treatment with another HDAC inhibitor is effective 
for prevention of inflammation-induced PTB
We then tested the generalizability of our observations with another 
broad-spectrum HDAC inhibitor, suberoylanilide hydroxamic acid 

Fig. 5. Myometrial gene expression in different treatment groups. Relative gene expression for (A) Il6, (B) Il1, (C) Nfb1, (D) Ccl3, (E) Cox2, (F) Cx43, (G) Oxtr, (H) Zeb1, 
and (I) Srd5a1 in myometrial tissue from dams receiving DDI of saline or DDI of LPS with no treatment, vaginal P4 NS (1 mg), TSA NS (15 g), or P4/TSA NS (1 mg/15 g). 
Gene expression was analyzed using the CT method, using Rplp0 as the housekeeping gene. Results are presented as expression relative to that in the saline sham–
treated group. Data are shown as means ± SEM (n ≥ 8). *P < 0.05, **P < 0.01, and ***P < 0.001
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(SAHA) (62, 63). Similar to TSA, SAHA is hydrophobic, facilitating 
NS formulation via wet milling (64). On the basis of the similarity in 
the structures of SAHA and TSA, we were able to formulate SAHA 
NS at a concentration of 1.5 mg/ml in a 1.5-ml tube stabilized by 4% 
F127 (Table 1). In contrast to the P4 NS, the SAHA NS rapidly 
reached a plateau in size and PDI within the first 2 hours of milling 
(Fig. 7A). As shown in Fig. 7B, vaginal administration of SAHA 
(15 g) significantly reduced the PTB rate to 42% (7 of 12) as com-
pared to 90% in the LPS control group (18 of 20; P = 0.001). Vaginal 
administration of 1 mg of P4/SAHA NS (1 mg/15 g) also signifi-
cantly reduced the PTB rate to 50% (6 of 12) as compared to the LPS 
control group (P = 0.0013). The SAHA NS treatment resulted in 
higher and less variable pup viability in live litters than P4/SAHA 
NS treatment (Fig. 7C). Individual term litter viability is shown in 
fig. S4. The female pups in the P4/SAHA NS group showed a signif-
icant 1.3-fold decrease in brain weight as a percentage of body 
weight as compared to the saline sham–treated group (P = 0.027) (Fig. 7D). 
When performing behavioral analyses for the SAHA and P4/SAHA 
groups, we tested on later days (PND 8 and 15) because animals in 
the previous study (Fig. 3, F to K) demonstrated high rates of failure 
on PND 5 (table S2). Testing on PNDs 8 and 15 has been used in other 
fields to gauge development (65). When comparing the SAHA NS 
and P4/SAHA NS groups to pups from dams receiving saline sham 
surgery, there were no differences for cliff aversion (Fig. 7E). No 
differences were observed in negative geotaxis (Fig. 7F) or in surface 
righting (Fig. 7G) on PND 8 or 15. On PND 8, the P4/SAHA NS group 
spent fivefold more time in the center than the saline sham group 
(P = 0.017) (Fig. 7H). This could indicate decreased motor skills, 
increased anxiety, or decreased cognition (66–68).There were no 
differences in distance traveled (Fig. 7I) or average velocity (Fig. 7J) in 
the open field for the P4/SAHA NS group, as compared to the saline group.

DISCUSSION
Although our medical technologies for saving preterm infants have 
markedly improved over the past several decades (69), the world-

wide rates of PTB have remained relatively steady (4). In the United 
States, PTBs still account for ~10% of pregnancies, a rate higher 
than in most other developed countries (70). Intrauterine inflam-
mation is known to cause nearly 30% of all PTBs and is associated 
with fetal neurological deficits (4). P4 and its synthetic analogs have 
been used clinically with varied success (5, 16, 20, 32, 37). In 1962, a 
small clinical trial revealed that P4 therapy did not prevent infection- 
mediated parturition but was able to prevent parturition caused by 
P4 withdrawal (71). More recently, the only FDA-approved therapy 
for PTB prophylaxis, an intramuscular injection of 17-OHPC 
(Makena), failed a confirmatory trial, resulting in the CDER’s rec-
ommendation to withdraw Makena’s FDA approval (6–9). Vaginal 
P4 formulations have also been used off-label as prophylactic 
options for PTB; however, inconsistent efficacies across several 
clinical trials have precluded FDA approval for the prevention of 
PTB (10, 72, 73).

Vaginal administration of therapeutics is preferred for targeting 
the female reproductive tract (12, 74). Systemically administered drugs 
are diluted because they are transported throughout the more than 
150,000 kilometers of vasculature in the adult human body before 
reaching their intended site of action (75). It was previously shown 
that systemic administration of P4 led to 10-fold less accumulation 
in the endometrium compared to vaginal P4 administration, despite 
the fact that the plasma concentrations after systemic administration 
were sevenfold higher than concentrations resulting from vaginal 
P4 administration (11). As a vaginally administered drug is absorbed, 
it is circulated directly to the uterine tissues by the vasculature sur-
rounding the female reproductive tract, termed the uterine first-pass 
effect (11). However, the CVM barrier, which serves to protect under-
lying tissue and, in the case of pregnancy, the developing fetus, limits 
the effectiveness of vaginal drug absorption. To overcome the CVM 
barrier, we have formulated hydrophobic drugs, such as P4, for vaginal 
administration as a mucoinert NS, which leads to increased local de-
livery to reproductive tract tissues compared to Crinone gel (15). With 
Pluronic F127 as the stabilizing agent, we developed mucoinert NS 
formulations for various drug loadings of P4, as well as for HDAC 

Fig. 6. Cell studies to investigate PRA:PRB ratio and myometrial contractility. (A) Representative Western blot showing stability of induced PRA and PRB in hTERT-
HMA/B cells cultured in the presence of P4, TSA, or P4/TSA for 24 hours. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (B) Quantification of PRA:PRB ratio. Data are 
shown as means ± SEM (n = 3). *P < 0.05 compared to untreated cells (Ctrl). (C) Contraction of PHM1-41 cells in a collagen gel after incubation with P4 and TSA at various 
concentrations. The percentage of contraction was calculated at 96 hours based on gel area relative to the negative control (empty well, 0% contraction). Data are pre-
sented as the means (n ≥ 6).
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inhibitors TSA and SAHA. Pharmacokinetic studies showed that 
both P4 and TSA reach local tissues (cervix and myometrium) with 
sustained exposure for up to 8 hours. In addition, similar to our 
prior study (15), we observed double peaks in P4 concentration, re-
flecting recirculation from the uterus (76–78). When dosed vaginally, 
the combination of P4/TSA NS prevented intrauterine LPS-induced 
PTB. However, systemic administration of the same P4/TSA dose 
had no effect. This could be due to the lower pharmacodynamic 
availability of the drug in the uterus when delivered systemically.

In mouse models of inflammation-induced PTB, progestins 
have been tested to evaluate their ability to decrease markers of 

inflammation, alleviate fetal brain injury, and prevent PTB 
(32–34, 38, 79, 80). Throughout these studies, different standards were 
used to evaluate potential efficacy of therapeutics. Some studies 
evaluated for delay of PTB over the following 18 to 24 hours after 
induction, whereas others reported a difference in timing to delivery 
of nonviable pups as compared to the positive control (81). Here, 
we defined successful prevention of PTB as delivery of live pups at 
term. In addition, our model of PTB involved counting the number 
of live pups in utero on the day of surgery, allowing us to calculate 
the percentage of viable pups born on E19 to E20 (39). We have 
shown that 17-OHPC and P4 alone are not capable of preventing 

Fig. 7. PTB prevention and behavioral analyses for P4/SAHA treatments. (A) Diameter (gray bars), PDI (white dots), and -potential (black bars) of SAHA NS (1.5 mg/ml) 
over 10 hours of nanomilling. Data are represented as means ± SEM (n ≥ 3). (B) Pregnancy survival curves showing the percentage of animals remaining pregnant after 
DDI of 20 g of LPS on E15. Daily vaginal administration of various doses of SAHA NS (15 g, n = 12) or P4/SAHA (1 mg/15 g, n = 12) provided a significant reduction in 
PTB rates compared to LPS alone (n = 20) (**P < 0.005, Mantel-Cox test). (C) For term litters, the percentage of pups born live compared to viable pups counted on E15. 
**P < 0.001 and ***P < 0.0001 compared to LPS. Data are presented as means ± SEM (n ≥ 12 litters). (D) Pup brain weight as a percentage of body weight for pups from the 
saline sham–treated, 20 g of LPS + SAHA (15 g), or LPS + P4/SAHA (1 mg/15 g) group. *P = 0.027. (E to J) Behavioral tests for pups in the saline sham–treated, 20 g of 
LPS + SAHA (15 g), or LPS + P4/SAHA (1 mg/15 g) group: (E) cliff aversion, (F) negative geotaxis, (G) surface righting, (H) time in center for open field (*P = 0.02), (I) distance 
traveled in open field, and (J) average velocity in open field. Failures were not included in data analysis. Data are presented as means ± SEM (n ≥ 3 litters).
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inflammation-induced PTB. However, when combining vaginal P4 
with an HDAC inhibitor (TSA or SAHA), we were able to prevent 
PTB, resulting in live pups, and increase the average pup viability in 
litters born at term. Furthermore, pups from the P4/TSA NS group 
performed similarly to their saline sham counterparts in neurological 
development tests. This is particularly encouraging because ex-
posure to intrauterine inflammation is associated with fetal neuro-
logical deficits (18, 36). By these criteria, we have demonstrated that 
the combination of vaginal P4/TSA is effective in preventing intra-
uterine inflammation–induced PTB, resulting in live, neurotypical 
offspring in a preclinical animal model.

The PR occurs in two predominant isoforms, PRA and PRB. P4 
shows differential action based on receptor expression (27, 82). 
Tan et al. (29) demonstrated that PRB promotes the anti-inflammatory 
effect of P4, whereas PRA inhibits the anti-inflammatory action. As 
gestation progresses, the ratio of PRA:PRB increases in human 
myometrium due to the repression of PRA on the transcriptional 
activity of PRB (29). The increased ratio of PRA:PRB decreases the 
responsiveness of myometrial cells to P4, allowing the proinflam-
matory event of labor to occur (30). In mice, PRB expression is 
decreased at the onset of inflammation-induced PTB (37). In this 
study, we investigated changes in myometrial cells based on our 
previous study, where we observed the DDI of LPS having the most 
impact on myometrial contractions (39). To bridge the gap from 
mice to humans, we used hTERT-HMA/B cells, which have been 
used to characterize the role of PRA:PRB ratio in the context of 
human labor (29, 61). Using hTERT-HMA/B cells, we showed that 
the combination of P4 and TSA decreased the PRA:PRB ratio in vitro. 
In vivo, we observed that all treatment groups (P4, TSA, and P4/TSA) 
showed anti-inflammatory effects in myometrial tissue. Although 
vaginal P4 alone was unable to prevent inflammation-induced PTB 
in our model, we observed that treatment with vaginal P4 decreased 
the expression of Il6, Nfb1, Ccl3, Cox2, and Cx43. Similarly, others 
have described that treatment with progestins decreased the expres-
sion of several proinflammatory markers in both myometrial and 
cervical tissues, although this did not result in delivery of live pups 
(33, 34, 37). Here, the combination of vaginal P4/TSA led to a great-
er reduction of Ccl3, Cox2, Cx43, and Oxtr expression in the 
myometrium than P4 alone and resulted in the delivery of live pups 
at term.

PRA and PRB have also been shown to play opposing roles in the 
onset of uterine contractions (29). PRB promotes uterine quies-
cence by decreasing Cx43 expression, whereas PRA promotes Cx43 
expression and gap junction formation, thereby facilitating con-
tractions (61). Using PHM1-41 cells in vitro, we observed that the 
peak concentration of P4/TSA quantified in murine tissue during 
pharmacokinetic studies was the most effective in preventing hu-
man myometrial cell contractility in vitro. In vivo, we observed that 
P4/TSA down-regulated Cx43 expression, as compared to the LPS 
group. Furthermore, only the P4/TSA group was able to down- 
regulate Oxtr expression. We hypothesize that TSA promotes PRB 
expression, which, in turn, promotes uterine quiescence. Taking 
into account our results from previous studies (29, 30, 37, 61, 83), it 
is possible that our model of inflammation-induced PTB alters the 
PR ratio in vivo, resulting in a more PRA-dominated state and 
explaining why P4 alone is unable to prevent PTB.

The role of HDAC inhibitors in parturition has been studied 
previously (40–43, 84). Condon and co-workers (43) found that a 
decrease in histone acetylation in human myometrium at term 

corresponded to an increase in histone acetyltransferase activity 
that led to loss of the anti-inflammatory action of P4 and, thus, ini-
tiation of labor. They then demonstrated that systemic administra-
tion of TSA to pregnant dams was able to prolong gestation (43). 
Lindstrom et al. (85) described the time-dependent effects of HDAC 
inhibitors in vitro. Using both TSA and SAHA, they showed that 
Nfb1 activity was decreased by HDAC inhibitor treatment, result-
ing in an immunosuppressive response (85). In human placental 
explants, Munro et al. (40) showed that TSA decreased tumor ne-
crosis factor–a (Tnfa) and Il10 expression, as compared to an LPS 
challenge. In human myometrial tissues ex  vivo, Ilicic et  al. (47) 
showed that TSA is capable of promoting and maintaining a low 
PRA:PRB ratio. We hypothesize that administering an HDAC in-
hibitor in combination with P4 supports the expression of PRB, 
promoting the anti-inflammatory action of P4 to prevent the labor 
process. The results described herein support the growing evidence 
that epigenetic changes in the PRA:PRB ratio play a role in mediat-
ing the timing of parturition.

We have previously described that preclinical model adaptation 
can be key to studying drug treatment efficacy for preventing PTB 
in vivo (15). Similarly, here, we used our recently described adapted 
model of intrauterine inflammation that uses two distal injections 
of LPS instead of SPI (39). DDI leads to uniform exposure of LPS in 
the uterine horns, resulting in increased PTB rates with lower doses 
of LPS (39). Using this murine model, we were able to test therapies 
for prevention of inflammation-induced PTB that resulted in the 
birth of live offspring. One potential limitation is that the HDAC 
inhibitors used in these studies have broad-spectrum epigenetic 
activity and that there is the potential for unwanted off-target side 
effects, especially in the context of pregnancy and fetal development 
(86–88). Nonetheless, we have demonstrated the importance of 
effective drug delivery in understanding drug action. Both the 
mechanistic implications and the methodology for studying the ef-
fects of the drug candidates investigated here should have impact 
on the field.

We have not yet investigated the pathways by which HDAC 
inhibitors contribute to the prevention of inflammation-induced 
PTB. Detailed mechanistic studies, such as investigation of protein 
acetylation, would better elucidate the role of HDAC inhibitors in 
preventing PTB. In addition, it has previously been demonstrated 
that different HDAC inhibitors have different biodistribution pro-
files and rates of metabolism after oral and intravenous dosing in 
mice (64). It is possible that SAHA without P4 supplementation was 
more effective than TSA alone in preventing PTB because of im-
proved delivery in the reproductive tract after vaginal administra-
tion. PK studies would be helpful in this regard. Further, we were 
unable to characterize the impact of treatment on cervical remodel-
ing because we observed no differences in expression of select genes 
previously shown to be implicated in cervical remodeling (58). Fur-
ther investigation should be performed to characterize the role of 
cervical remodeling in the DDI model of PTB, as well as how HDAC 
inhibitors may affect gene expression in the cervix. Additional stud-
ies should be performed to explore toxicity and teratogenic profiles 
of HDAC inhibitors, as well as to identify the ratio of P4:HDAC 
inhibitor that shows the best efficacy of PTB prevention. The poten-
tial for single-agent therapy that does not require additional exoge-
nous P4 is also of high interest. Because PTB prevention with TSA 
alone was not statistically different from that observed with P4/
TSA, it may be possible to find an optimal TSA dose that would be 
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effective without P4, similar to what was observed with SAHA. In 
regard to fetal development, future experiments should investigate 
sex-related differences in development. It will also be important to 
investigate mechanisms that lead to preservation of neurological 
development, including the decrease in endotoxin content we ob-
served in amniotic fluid and beyond.

There is a paucity of effective treatments for the prevention of 
PTB. Clinically used therapies have shown a lack of prevention in 
recent trials (5, 6, 89). The results presented here contribute to 
the identification of therapeutic pathways for the prevention of 
inflammation- induced PTB. Better understanding of these path-
ways has the potential to save lives from the effects of prematurity. 
Moving forward, the techniques described here could be used to 
identify additional drug candidates with more targeted action that 
may be more appropriate for use during pregnancy. Further, effec-
tive drug delivery to the cervix and uterus can facilitate drug discov-
ery and development for a wide range of conditions and diseases, 
including uterine fibroids, reproductive tract cancers, infertility, and 
infections, as well as the development of additional nonsystemic 
contraceptives.

MATERIALS AND METHODS
Study design
Here, we tested clinically used formulations, as well as engineered 
nanoformulations of P4, TSA, and SAHA for the prevention of PTB 
in an established murine model. We analyzed maternal responses 
with PK and reverse transcription quantitative polymerase chain 
reaction (RT-qPCR) experiments and fetal outcomes using neuro-
behavioral tests. We further analyzed drug action in human cells 
using Western blot and contraction assays. RT-qPCR experiments, 
PK studies, and behavioral analyses were performed in a blinded 
manner. Pregnancy “survival” studies, NS formulations, and cell 
studies were not blinded. In survival studies, dams were randomly 
assigned to treatment groups.

Animals
Timed pregnant 6- to 8-week-old CD-1 dams were ordered from 
Charles River Laboratories and arrived on E13. PTB induction was 
performed on E15. Dams were housed in a normal light cycle room 
(dark hours, 8 p.m. to 8 a.m.). All procedures were approved by the 
Johns Hopkins University Animal Care and Use Committee.

Intrauterine LPS model of inflammation-induced PTB
An established model of DDI of LPS was used to induce inflammation- 
induced PTB (39). Briefly, two intrauterine, extra-amniotic injec-
tions of 50 l of sterile normal saline (sham) or LPS (Sigma- Aldrich; 
055:B5 Escherichia coli purified via phenol extraction, lot #28M4094V) 
dissolved in normal saline were given between the two pups most 
distal from the cervix in each uterine horn (total LPS dose, 5 to 
20 g). The total number of pups on E15 was noted. After surgery, 
dams were checked at 2-hour intervals for signs of PTB (vaginal 
bleeding, bloody bedding, and presence of pups). After the first 
12 hours, dams were checked every 12 hours. PTB usually occurred 
within 8 to 10 hours in the LPS induction group. PTB was defined 
as delivery before E19. Litter resorption was counted as PTB. Pups 
delivered at term were counted, and the percentage of viable fetuses 
was calculated on the basis of the number of live pups counted at 
the time of surgery.

NS formulation and characterization
In order for vaginal drug delivery to be effective, formulations must 
be engineered to bypass the mucus barrier (12, 14, 15). We have 
previously shown that to penetrate through the sticky mesh of 
mucin proteins in CVM, nanoparticles should be less than 500 nm in 
size and coated with mucoinert polymers to prevent adhesive inter-
actions (12, 15). More recently, we have demonstrated that the pore 
size is decreased in CVM samples from pregnant women, likely due 
to increasing endogenous amounts of P4 throughout gestation (15). 
Our previous studies have shown that Pluronic F127 coating leads 
to increased particle mobility in mucus ex vivo (14, 15), which di-
rectly correlates to enhanced vaginal particle distribution and drug 
delivery in vivo (12). Further, formulating hydrophobic drugs as NS 
increases the surface area to volume ratio for improved drug disso-
lution and local tissue absorption (14, 90). In addition, by delivering 
particles hypotonically, the osmotic gradient promotes the uniform 
distribution of particles throughout the cervicovaginal tract (13). 
Using these criteria, we formulated progesterone (P4, P8783-5G, 
Sigma-Aldrich), TSA (Bio-Techne), and SAHA (catalog 10009929, 
Cayman Chemical) into mucoinert NS using a wet milling ap-
proach, as previously described (15). Briefly, drugs were placed in 
an Eppendorf tube with metal beads (Next Advance), and a bead-
based tissue homogenizer (TissueLyser LT, QIAGEN) was used to 
reduce particle size. Pluronic F127 (BASF) dissolved in water (1 to 
6%, w/v) was used to stabilize the NS. Wet milling was performed 
for 10 hours at 4°C. To determine the final formulation parameters 
for the NS, the tube size, bead type, bead mass, and polymer 
concentration were varied (table S1). A Malvern Zetasizer Nano ZS 
(173° scattering angle) was used to analyze particle size, PDI, and 
surface charge (-potential) of all NS. Final formulations were cho-
sen on the basis of having a size that could fit through the pore sizes 
of CVM (<~380 nm), a PDI less than 0.25 to indicate relative 
uniformity in particle size, and a net-neutral -potential reflecting 
sufficient surface shielding to avoid adhesive interactions with mu-
cin proteins (12, 14). The final formulations used in this study can 
be found in Table 1, where each value is an average of n = 3 particle 
batches. In all cases, particle size was confirmed before use to ensure 
uniformity between batches.

Administration of therapeutics to prevent  
inflammation-induced PTB
Treatments were dosed daily, with the first dose after surgery on 
E15 and the last dose on E18. Treatment ceased if dams delivered 
prematurely. 17-OHPC (Makena) was administered intraperitone-
ally at a dose of 80 g in 100 l of castor oil with benzyl benzoate 
and benzyl alcohol, as previously described (91). We used a dose of 
80 g of 17-OHPC (Makena), converting from the human dose of 
250 mg (92). P4 was administered vaginally as either Crinone gel or 
as an NS. Dams that received P4 as vaginal gel received 100 l of 
8% Crinone (8 mg of P4) using a Wiretrol (Drummond Scientific) due 
to the high viscosity. P4 NS were administered using a standard pi-
pette at doses of 100 g (20 l, 5 mg/ml, n = 5), 500 g (20 l, 25 mg/
ml, n = 8), 1 mg (20 l, 50 mg/ml, n = 20), or 5 mg (20 l, 250 mg/
ml, n = 5). For P4 PT studies, dams received doses of 8 mg of P4 NS 
on E13 and E14, with surgery occurring on E15, followed by the 
standard dosing schedule. TSA NS was administered vaginally at a 
dose of 15 g (10 l, 1.5 mg/ml, n = 20). TSA NS (15 g) was coad-
ministered vaginally with P4 NS at doses of 100 g (n = 7), 500 g 
(n = 19), 1 mg (n = 20), or 5 mg (n = 10) for a total volume of 30 l 
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(n ≥ 7). The combination of P4 (1 mg) and TSA (15 g) was also 
administered intraperitoneally in 200 l of sterile dimethyl sulfox-
ide (DMSO) (n = 8). SAHA NS was administered vaginally at a dose 
of 15 g (10 l, 1.5 mg/ml, n = 12). P4 NS (1 mg) and SAHA NS 
(15 g) were coadministered vaginally for a total volume of 30 l 
(n = 12). Vehicle control studies were performed by dosing 30 l of 
4% F127 (n = 6). PTB was defined as delivery before E19.

Behavioral analysis
Pups were assessed for developmental milestones, as previously 
described (36, 66). Labyrinthine reflex, strength, coordination (cliff 
aversion and surface righting), and motor skills (negative geotaxis 
test) were assessed on PNDs 5 and 9 (P4/TSA, n = 6 litters) or PNDs 
8 and 15 (SAHA, n = 6 litters; P4/SAHA, n = 4 litters). Cognition 
and motor skills were assessed with an open field test on PNDs 9, 
13, 15, 17, and 22 (P4/TSA) or PNDs 8, 10, 15, 17, and 22 (SAHA 
and P4/SAHA). For both cliff aversion and negative geotaxis tests, 
pups were filmed performing the task three times. Videos were an-
alyzed in a blinded manner, and the time to complete each task was 
averaged for each pup. In the open field test, pups were placed in the 
center of a 10-cm circle in the center of a 30 cm by 60 cm box. They 
were filmed for 1 min, and their time in the center, distance trav-
eled, and average velocity were calculated using Noldus EthoVision 
XT. On PND 22, pups were euthanized, and brains were collected to 
determine the brain weight as a percentage of body weight. Each testing 
scheme included a minimum of n = 3 saline sham–treated litters.

Pharmacokinetics
Healthy pregnant dams (n = 3 per group, per time point) were 
dosed vaginally with P4 NS (1 mg) or P4/TSA NS (1 mg/15 g). 
Plasma, cervix, proximal myometrium, and distal myometrium 
were collected at 1, 2, 3, 4, 6, 8, and 12 hours after drug administra-
tion. Dams were anesthetized under constant 2% isoflurane, and 
blood was collected via cardiac puncture. The blood was centri-
fuged for 10 min at 1300 relative centrifugal force (rcf) in EDTA- 
coated tubes to separate plasma. Upper (distal to the cervix) and 
lower (proximal to the cervix) myometrial tissue was collected, and 
the decidua was removed using a disposable razor blade and gently 
scraped the tissue. The cervix was isolated under a dissecting micro-
scope, taking care to remove any excess vaginal or myometrial tissue. 
P4 concentration was measured in cervical and myometrial tissue 
as previously described (15, 39).

TSA was quantified using a standard curve and quality control 
samples prepared in charcoal-stripped (2×) mouse K2 EDTA plas-
ma (BioIVT). Tissue samples were homogenized in 200 or 400 l 
of blank charcoal- stripped mouse plasma using ULTRA-TURRAX 
T25 homogenizer (IKA) before extraction. TSA was extracted from 
50 l of plasma or tissue homogenates with 0.5 ml of acetonitrile/ 
n-butyl chloride (1:4, v/v) containing 40 ng/ml of the internal stan-
dard, progesterone-d9 (Toronto Research Chemicals). After cen-
trifugation, the top layer was then transferred to a clean glass tube and 
dried in a 40°C water bath under a stream of nitrogen gas. The samples 
were reconstituted with 100 l of water/acetonitrile (50:50, v/v) and 
then transferred into autosampler vials for liquid chromatography– 
tandem mass spectrometry analysis. Separation was achieved with 
an Agilent ZORBAX XDB, C18 (4.6 mm by 50 mm, 5 m) column 
at room temperature with a gradient of water (mobile phase A), and 
acetonitrile (mobile phase B) containing 0.1% (v/v) formic acid with 
a flow rate of 0.7 ml/min. The gradient started with mobile phase B 

held at 50% for 0.5 min and increased to 100% over 0.5 min; 100% 
mobile phase B was held for 1.5 min, then returned back to 50% 
mobile phase B, and allowed to equilibrate for 0.5 min. Total run 
time was 3 min. The column effluent was monitored using a Sciex 
triple quadrupole 5500 mass spectrometric detector (Sciex) using 
electrospray ionization operating in positive mode. The spectrometer 
was programmed to monitor the following multiple reaction moni-
toring (MRM) transitions: 303.0 → 148.0 for TSA and 324.3 → 100.0 for 
the internal standard, progesterone-d9. Calibration curves for TSA 
were computed using the area ratio peak of the analysis to the internal 
standard using a quadratic equation with a 1/×2 weighting function 
over the range of 0.2 to 200 ng/ml with dilutions of up to 1:1000 (v/v).

TSA is quickly metabolized. Others have demonstrated that the 
biotransformation of TSA occurs rapidly when dosed intraperito-
neally to dams (50) and that rapid biotransformation of TSA occurs 
similarly in both rat and human hepatocytes (93). Metabolites for 
TSA were also monitored and quantitated on the basis of the cali-
bration curve for TSA because an authentic reference standard was 
not available at the time. Mass spectrometer transitions were based 
on data published by Sanderson et al. (50). Phoenix 32 WinNonlin 
software was used to calculate the AUC.

Myometrial and cervical gene expression
Intrauterine saline or LPS injections were performed as described 
above. For dams receiving LPS injections, a single vaginal treatment 
with saline, P4 NS (1 mg), TSA NS (15 g), or P4/TSA NS (1 mg/15 g) 
was given immediately after surgery (n ≥ 8 dams per group). 
After 8 hours, myometrial and cervical tissues were collected from 
each dam. Myometrial tissue was collected from both the left and 
the right lower uterine horns and combined for each dam. The 
decidua was removed using a disposable razor blade to gently 
scrape the tissue. Cervical tissue was isolated using a dissection 
microscope to completely remove the vaginal and uterine tissue. 
Samples were frozen with liquid nitrogen and stored at −80°C until 
processing. In addition, amniotic fluid was collected by pooling flu-
id from three to five amniotic sacs per dam to achieve a total volume 
of 1 ml. Samples were frozen with liquid nitrogen and stored at −80°C 
until processing, as described below. RNA was isolated as previous-
ly described (39). Briefly, thawed tissues were homogenized in 1 ml 
of TRIzol (catalog 15596026, Thermo Fisher Scientific) using an 
IKA T10 probe homogenizer with an S10N-10G-ST dispersion ele-
ment. Samples were centrifuged, and the supernatant was processed 
using the RNeasy Mini Kit (QIAGEN). RNA concentration was 
measured, and complementary DNA (cDNA) was produced using 
a high-capacity cDNA reverse transcription kit (Applied Biosystems, 
catalog 4368813). PCRs were run in triplicate. Primer sequences 
can be found in table S4. The ∆∆CT method was used to analyze 
gene expression, normalized to acidic ribosomal phosphoprotein 
P0 (Rplp0).

Endotoxin assay
Amniotic fluid samples were thawed on ice. As previously reported, 
a ToxinSensor chromogenic LAL endotoxin assay kit (GenScript 
#L00350) was used to analyze endotoxin concentrations (39). 
Samples were each run in triplicate.

hTERT-HMA/B human myometrial cells
hTERT-HMA/B cells were used to study the differential effects of P4 
and TSA on PRA and PRB. As previously described, hTERT-HMA/B 
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cells are used to control PR isoform expression, which allows for 
modeling the changing PR content in the human myometrium over 
the course of gestation (61). Cells were cultured in 1:1 Dulbecco’s 
modified Eagle’s medium (DMEM):Ham’s F12 supplemented with 
5% charcoal-stripped fetal bovine serum (FBS), 0.5% penicillin/
streptomycin (P/S), 2 mM glutamine, geneticin (100 g/ml), hygro-
mycin B (1 g/ml), and blasticidin (5 g/ml) (61). Cells were incu-
bated with DOX (100 ng/ml) and 500 nM DAH for 48 hours to 
induce PRA and PRB, respectively. After induction of PRA and 
PRB, cells were incubated with drug in DMSO (final concentration 
in medium, <1%) for 24 hours. On the basis of previous studies, we 
used P4 at a concentration of 100 nM (61). To maintain the drug 
ratio observed in mouse myometrium tissue in vivo, TSA was used 
at a concentration of 2.5 nM.

Protein extraction and Western blot
In testing several antibodies, we were unable to visualize murine PR 
in Western immunoblots (94). hTERT-HMA/B cell lysates were 
collected in T-PER Tissue Protein Extraction Reagent (Thermo Fisher 
Scientific, catalog 78510) supplemented with protease inhibitor 
following the supplier’s instructions (cOmplete, Mini, EDTA-free 
Protease Inhibitor Cocktail, Roche, 11836170001). Protein was 
extracted by vortexing samples, followed by centrifugation at 
15,000 rpm for 10 min at 4°C. Protein concentration was deter-
mined using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 
catalog 23225). Equivalent amounts of protein were separated via 
SDS–polyacrylamide gel electrophoresis. Samples were transferred 
to a polyvinylidene difluoride membrane, which was subsequently 
blocked in 3% bovine serum albumin in tris-buffered saline with  
0.1% Tween 20 (TBS-T) for 2 hours at room temperature. The mem-
brane was then incubated in primary antibodies at 4°C overnight. 
The membrane was washed in TBS-T 3× for 5 min each and then 
incubated in peroxidase-conjugated anti-mouse immunoglobulin G 
(Jackson ImmunoResearch, catalog 715-035-150) at room tempera-
ture for 1 hour. Antibodies used in this study can be found in table 
S3. Proteins were detected using chemiluminescence reagent 
(Bio-Rad chemiluminescence) and imaged using the ChemiDoc 
Imaging System.

PHMI-41 human myometrial cells
PHMI-41 cells were obtained from the American Type Culture 
Collection. Cells were cultured in DMEM supplemented with 2 mM 
glutamine, 10% heat-inactivated FBS, and 1% P/S in a sterile 37°C 
incubator with 5% CO2. Cells were passaged every 4 days using 
0.05% trypsin-EDTA and collected the same way. Experiments 
were performed at 80 to 90% confluency. To assess cell viability 
after drug exposure, cells were seeded in 96-well plates in normal 
medium for 24 hours. Cells were treated with (i) 0.031, 0.063, 0.013, 
0.25, or 0.5 M TSA; (ii) 2.5, 5, 10, 20, or 40 M P4; (iii) 0.5 M TSA 
with either 2.5, 5, 10, 20, or 40 M P4; and (iv) 20 M P4 with either 
0.031, 0.063, 0.013, 0.25, or 0.5 M TSA. Drugs were solubilized 
in 1% DMSO. Control cells received no treatment. Each group con-
tained a minimum of n = 6 wells. The Dojindo Cytotoxicity Assay 
Kit (Dojindo Molecular Technologies Inc., catalog CK04-01) was 
used according to the manufacturer’s instructions. For the cell con-
tractility assay, PHMI-41 cells were grown in collagen matrices, as 
previously described (95–97). Briefly, a type I collagen solution 
(Cultrex Rat Collagen I, R&D Systems, catalog 3440-100-01) was 
neutralized with 0.1 N of NaOH for a final collagen concentration 

of 1.5 mg/ml. Cells were added for a density of 150,000 cells per 
well. The suspension was allowed to gel in a 24-well plate for 2 hours 
at 37°C. Gels were carefully detached from wells, and fresh medium 
was added over the gel. Images were taken at 96 hours using ChemiDoc 
MP imaging system (Bio-Rad). Percentage of contraction was 
used by determining the gel area with ImageJ [National Institutes 
of Health (NIH)].

Statistical analysis
Results were analyzed in GraphPad Prism version 8.2.1. The 
Mantel-Cox test was used to compare pregnancy survival curves. For 
other comparisons involving two groups, a two-tailed Student’s 
t test assuming unequal variance was used. For comparisons of three 
or more groups, one-way analysis of variance (ANOVA) was used 
followed by Tukey’s multiple comparison test. Data are reported as 
means ± SEM. Experiments were performed multiple times to 
ensure reproducibility. A minimum of two negative controls (saline 
sham) and three positive controls (LPS induction) were included 
with each experiment. Efficacy experiments for vaginal NS (P4, 
TSA, P4/TSA, SAHA, and P4/SAHA) were performed a minimum 
of three times, with at least four dams in each group. Sample collection 
for both RT-qPCR and endotoxin quantification was performed 
twice to increase replicates.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/576/eabc6245/DC1
Fig. S1. PTB prevention for various doses of P4 with TSA.
Fig. S2. PTB prevention for F127 vehicle control.
Fig. S3. Histogram of litter sizes.
Fig. S4. Individual litter pup viability.
Fig. S5. Amniotic fluid endotoxin quantification.
Fig. S6. TSA metabolite PK.
Fig. S7. PK for 1 mg of P4 dosed alone.
Fig. S8. AUC for PK studies.
Fig. S9. Cervical gene expression.
Fig. S10. PHM1-41 cell viability.
Table S1. Formulation optimization for TSA NS.
Table S2. Pup behavior fail rates.
Table S3. Antibodies used in Western blotting.
Table S4. Primer sequences.
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Drug delivery to delay delivery
Preterm birth, often caused by inflammation, is a major contributor to infant morbidity and mortality. It often cannot
be predicted, but even for women who are known to be at risk of preterm delivery, there is no currently approved
intervention to prevent it, although progesterone-based interventions are sometimes attempted. To improve access
of treatments to the appropriate tissues for preventing preterm delivery, Zierden et al. designed a mucoinert
nanosuspension to optimize vaginal dosing of therapeutics. The authors demonstrated the effectiveness of their
approach in mouse models using histone deacetylase inhibitors with and without progesterone. Their approach
improved the rates of full-term delivery of neurotypical pups.
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