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Abstract

Women mobilize up to 10% of their bone mass during lactation to provide milk
calcium. About 8%-13% of mothers use selective serotonin reuptake inhibitors
(SSRI) to treat peripartum depression, but SSRIs independently decrease bone
mass. Previously, peripartal use of the SSRI fluoxetine reduced maternal bone
mass sustained post-weaning and reduced offspring bone length. To determine
whether these effects were fluoxetine-specific or consistent across SSRI com-
pounds, we examined maternal and offspring bone health using the most pre-
scribed SSRI, sertraline. C57BL/6 mice were given 10 mg/kg/day sertraline, from
the beginning of pregnancy through the end of lactation. Simultaneously, we
treated nulliparous females on the same days as the primiparous groups, result-
ing in age-matched nulliparous groups. Dams were euthanized at lactation day 10
(peak lactation, n = 7 vehicle; n = 9 sertraline), lactation day 21 (weaning, n = 9
vehicle; n = 9 sertraline), or 3m post-weaning (n = 10 vehicle; n = 10 sertraline)
for analysis. Offspring were euthanized at peak lactation or weaning for analysis.
We determined that peripartum sertraline treatment decreased maternal circu-
lating calcium concentrations across the treatment period, which was also seen
in nulliparous treated females. Sertraline reduced the bone formation marker,
procollagen 1 intact N-terminal propeptide, and tended to reduce maternal BV/
TV at 3m post-weaning but did not impact maternal or offspring bone health
otherwise. Similarly, sertraline did not reduce nulliparous female bone mass.
However, sertraline reduced immunofluorescence staining of the tight junction
protein, zona occludens in the mammary gland, and altered alveoli morphology,
suggesting sertraline may accelerate mammary gland involution. These findings
indicate that peripartum sertraline treatment may be a safer SSRI for maternal
and offspring bone rather than fluoxetine.
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1 | INTRODUCTION

Mineralization of the infant skeleton during develop-
ment requires substantial calcium intake, from milk
(Wysolmerski, 2010). To stimulate maternal calcium
resorption from trabecular bones to supply the milk
calcium, the mammary gland secretes parathyroid
hormone-related protein (PTHrP) into circulation.
Circulating PTHrP stimulates osteoclastic bone resorp-
tion and osteolytic osteolysis, increasing serum calcium
for mammary gland uptake, and subsequent secre-
tion into milk (Liu et al., 2012; Miyamoto et al., 2019;
VanHouten et al., 2003). Increased PTHrP production
by the mammary gland is stimulated by serotonin (5HT;
5-hydroxytryptamine), and SHT has been demonstrated
to increase gene and protein expression of calcium trans-
porters in the mammary gland, supporting a role for
5HT signaling in the regulation of maternal calcium ho-
meostasis (Hernandez et al., 2012; Laporta, Keil, Vezina,
et al., 2014; Sheftel & Hernandez, 2020).

Women who exclusively breastfeed one baby lose an
average of 210 mg of calcium per day, resulting in up to
10% reduced bone mineral density (BMD) over the course
of the recommended 6 months of breastfeeding (Kovacs,
2016; Ryan & Kovacs, 2019). Maternal BMD was previ-
ously believed to return to pre-lactation levels 12 months
after weaning (Kovacs, 2016; Ritchie et al., 1998; Sowers
etal., 1993). However, recent epidemiological studies have
challenged this paradigm. One study determined that a
reduction in bone density persisted 2.6 years after the
cessation of lactation (Bjornerem et al., 2017), and other
studies have associated the cumulative amount of time
breastfeeding with postmenopausal bone deficits (Hwang
et al., 2016; Kim et al., 2015; Mgodi et al., 2015; Okyay
et al., 2013; Rojano-Mejia et al., 2011).

Antidepressants, such as selective serotonin reuptake
inhibitors (SSRIs), are commonly used during pregnancy
and lactation, both by women already being diagnosed
with clinical depression prior to becoming pregnant and
those who developed depression during and after preg-
nancy (Gavin et al., 2005; Marcus et al., 2003). SSRIs are
considered the first-choice treatment for prenatal and
postpartum depression (Andrade et al., 2008; Cooper
et al., 2007; Davanzo et al., 2011). Although the primary
role of SSRIs is inhibiting SHT reuptake transporter SERT
in the brain, thereby increasing neuronal SHT exposure
and regulating mood and behavior, 95% of body 5HT is
synthesized in the periphery. SSRIs can therefore enhance
peripheral 5HT signaling by inhibiting peripheral SERT,

as well as increasing 5HT synthesis and decreasing 5SHT
degradation (Marshall et al., 2014).

Nonneuronal 5HT regulates diverse physiological
processes, including platelet aggregation, glucose metab-
olism, bone homeostasis, and immune function (Martin
et al., 2017; Rapport et al., 1948; Walther et al., 2003;
Yadav et al., 2008). SSRIs have been shown to decrease
BMD independent of lactation in the general population
(Bonnet et al., 2007; Ortuno et al., 2016; Tsapakis et al.,
2012). Previously, we demonstrated that peripartum flu-
oxetine treatment results in a sustained reduction of ma-
ternal BMD compared to pregnancy and lactation alone
(Weaver et al., 2018). Additionally, in utero and lactational
exposure to fluoxetine reduced offspring long bone length
and reduced offspring head circumference (Weaver et al.,
2019). Together, this raises concerns about long-term bone
health among women who are prescribed an SSRI during
pregnancy and lactation and how exposure to an SSRI im-
pacts the developing offspring.

Different SSRIs, and different pharmacological doses
of SSRIs, have been shown to have differential effects
on bone microarchitecture in non-lactation models and
have disparate effects on the developing offspring when
taken throughout pregnancy (Koren & Nordeng, 2012;
Kumar et al., 2018). Given our previous study with flu-
oxetine demonstrating reduced maternal bone mass as
well as reduced offspring bone formation (Weaver et al.,
2018, 2019), it raised the question whether these effects
are fluoxetine-specific or consistent across the class of
SSRIs. Therefore, we investigated the most prescribed
peripartum SSRI, sertraline (Zoloft ), on maternal cal-
cium trafficking and BMD to determine if maternal bone
mass effects vary among SSRIs. We hypothesized that
sertraline, like fluoxetine, would result in an increase in
mammary calcium trafficking and a subsequent sustained
reduction of maternal BMD. Understanding how different
SSRIs impact the maternal skeleton during lactation can
have therapeutic implications for treatment of peripartum
depression, potentially resulting in one SSRI being pre-
scribed over another due to the potential reduced negative
impact on bone.

2 | METHODS

2.1 | Animals

All experiments were performed under protocol num-
ber A005789-01 and approved by the Research Animal
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Care and Use Committee at the University of Wisconsin-
Madison. Female C57BL/6 mice from our mating colony
were housed in a controlled environmental facility for
biological research in the Animal and Dairy Sciences
Department vivarium at the University of Wisconsin-
Madison at a temperature of 25°C, 50%—60% humidity,
and a 12-h light:12-h dark cycle, with ad libitum food and
water. Beginning at 6 weeks of age, female mice were bred
overnight, and observation of a seminal plug signified suc-
cessful copulation and beginning of pregnancy, at which
time the mice were housed individually and randomly as-
signed to sertraline treatment or vehicle control. Beginning
at the date of observation of seminal plug (D1), the dams
received daily intraperitoneal injections of either 10 mg/
kg bodyweight sertraline hydrochloride (Sigma-Aldrich,
#56319) reconstituted in 8.3% DMSO in saline or sterile
vehicle. This dose causes calvarial bone deficits in mice
(Howie et al., 2018). The final volume injected into each
dam was 0.12 ml of either sertraline or vehicle. Injections
were performed daily between 0800 and 0900 h from plug

NsBoss =) Physiological ReportstLf24
day (D1) through weaning (D41). Nulliparous virgin fe-
males of the same age were treated on the same dates as
the primiparous females for a total of 41 days. Dams and
pups were weighed daily at the time of injection. Dams
were either harvested at peak lactation (D30, treatment
day 30) (n = 7 vehicle; n = 9 sertraline), weaning (D41,
treatment day 41) (n = 9 vehicle; n = 9 sertraline), or
were aged an additional 3 months after weaning (3m post-
treatment) (n = 10 vehicle; n = 10 sertraline). The dams
collected at D30 were ~10 + 2 weeks of age (2.5-3 months),
at D41 were ~12 + 2 weeks of age (3 months), and the
mice aged to 3 months post-termination of treatment were
~25 + 2 weeks of age (6 months). Pups born to primipa-
rous dams were harvested at D30 (postnatal day 10) or at
D41 (postnatal day 21, weaning) of treatment. Nulliparous
virgin mice were used as a control and harvested at treat-
ment day 30 (n = 9 vehicle; n = 9 sertraline), treatment day
41 (n = 10 vehicle; n = 10 sertraline), or 3 months post-
treatment (n = 10 vehicle; n = 10 sertraline). Treatment
scheme denoted in Figure 1a.

(a)
Daily IP injection of 10 mg/kg/d sertraline or vehicle
Beginning 1y IF Injection a/kg/d sertraline orvehi End of 3 month rest
of treatment treatment  period
l ! I I I I l |

[o1 D18 D20 D30 D41 | / / Bm post-treatment|

P = o a KWl S
Positive Before Lactation Lactation day Lactation day 21, 3 months
mucusplug=  parturition = day 1=D20 10, peak weaning = D41 post-treatment
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® %
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FIGURE 1 Peripartum sertraline reduces maternal weight gain throughout lactation. Treatment scheme depicted in (a). C57BL/6

dams and nulliparous virgin females were administered vehicle (8.3% DMSO) or sertraline (10 mg/kg/day in 8.3% DMSO) from the day

of conception or treatment day 1 (D1) through end of lactation (D41) and then rested for 3 months post-weaning (3m post-treatment).

Blood was collected from all mice, 6 h after treatment, on D1, D18, D20, D30, and D41 and after a 6 h fast on 3 months post-treatment
(post-weaning). Milk samples were taken at the start of lactation, D20, or peak lactation, D30. Dams were euthanized at D30, D41, or 3m
post-treatment and the mammary gland, femur, duodenum, and kidney were harvested. Dam weight (g) was measured, weight gain was
measured by correcting the dam's daily weight to the weight at D1 (b). Dams were harvested at peak lactation (D30, treatment day 30) (n = 7
vehicle; n = 9 sertraline), weaning (D41, treatment day 41) (n = 9 vehicle; n = 9 sertraline), or were aged an additional 3 months after
weaning (3m post-treatment) (n = 10 vehicle; n = 10 sertraline). Data presented as mean + SEM and analyzed using two-way ANOVA for

treatment and time
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2.2 | Sample collection

Milk consumption per pup was determined daily
throughout lactation using the weigh-suckle-weigh
(WSW) method (Laporta et al., 2013). Milk was collected
on lactation day 1 (treatment D20) and peak lactation
(D30). Milk letdown was initiated with 300 pL of subcu-
taneous oxytocin injection, then mice were anesthetized
by isoflurane inhalation, followed by manual expres-
sion of milk. Milk was frozen at —80°C until analysis.
Litters were not standardized, due to a reduced litter
size in sertraline-treated dams. The litter size and pup
mortality data for this study were recently published
(Domingues et al., 2022).

Mice were fasted for 6 h prior to blood collection, which
occurred on baseline (D1), before parturition (D18), lacta-
tion day 1 (D20), peak lactation (D30), and weaning (D41).
Blood was collected from the submandibular vein using a
5.5-mm lancet, then was placed on ice for 20 min to allow
disruption of platelets, centrifuged at 1500 g at 4°C for
20 min to isolate serum, which was stored at —80°C until
analysis.

At peak lactation (D30), weaning (D41), or 3 months
post-treatment the dams were fasted for 6 h and then
euthanized via carbon dioxide inhalation followed by
cervical dislocation. The number 4 mammary gland was
collected, fixed overnight in 10% formalin, and stored
in 70% ethanol until paraffin embedding for histological
examination. The duodenum, kidneys, one femur, and
all other mammary glands were rapidly extracted and
immediately snap frozen in liquid nitrogen to preserve
tissue integrity and stored at —80°C until analysis. The
carcass was collected for microCT evaluation by storing
in 70% ethanol.

2.3 | MicroCT analysis

Dam and nulliparous femurs were analyzed by microCT
using a Scanco Medical pCT 35 system with an isotropic
voxel size of 7 pm. Scans were conducted in 70% etha-
nol using an x-ray tube potential of 55 kVp, an x-ray in-
tensity of 0.145 mA and an integration time of 400 ms.
Femoral length was measured on scout scans using
digital calipers. A region beginning 0.14 mm proximal
to the growth plate and extending 1.4 mm proximally
was selected for cancellous bone analysis. A second re-
gion 0.6 mm in length and centered at the midpoint of
the femur was used to calculate cortical parameters. A
semi-automated contouring approach was used to dis-
tinguish cortical and trabecular bone. The region of in-
terest was threshold using a global threshold that set the
bone/marrow cutoff at 512 mgHA/cm® for trabecular

bone and 871.8 mgHA/cm® for cortical bone. Three-
dimensional microstructural properties of bone, includ-
ing bone volume fraction (BV/TV), trabecular thickness
(Tb.Th), trabecular number (Tb.N.), trabecular separa-
tion (Tb.Sp.), midshaft bone volume fraction (M.BV/
TV), and cortical thickness (C.Th) were calculated
using software supplied by the manufacturer reported
according to consensus guidelines on rodent microCT
(Bouxsein et al., 2010).

Offspring femur microCT analysis used the same
equipment and settings as above. Femoral length was
measured on scout scans using digital calipers. A region
beginning just proximal to the growth plate and extend-
ing 1.05 mm proximally was selected for cancellous bone
analysis. A second region 0.42 mm in length and centered
at the midpoint of the femur was used to calculate cor-
tical parameters. A semi-automated contouring approach
was used to distinguish cortical and trabecular bone. The
region of interest was threshold using a global threshold
that set the bone/marrow cutoff at 385.8 mgHA/cm® for
trabecular bone and 491.5 mgHA/cm® for cortical bone.
Three-dimensional microstructural properties of bone
were calculated as above.

2.4 | Assays

5HT concentrations were determined using a 5SHT Enzyme
Immunoassay Kit (Beckman Coulter, #IM1749) using
serum diluted 1:150 or 150 pg protein in radioimmuno-
precipitation lysis buffer as previously described (Laporta,
Keil, Vezina, et al., 2014; Weaver et al., 2018). Serum pro-
collagen I intact N-terminal (PINP) concentrations were
determined using the PINP Enzyme Immunoassay Kit
(Immunodiagnostic Systems, #AC-33F1) using serum di-
luted 1:10 according to the manufacturer's instructions.
Serum collagen type 1 cross-linked C-telopeptide (CTX-
I) concentrations were determined using a RatLaps CTX
Enzyme Immunoassay Kit (Immunodiagnostics Systems,
#AC-06F1) using serum undiluted according to the man-
ufacturer's instructions. Total calcium was determined
using a Calcium Assay Kit (Cayman Chemical Company,
#701220) in serum diluted 1:2 or in tissue using 100 pg
protein in 1% triton lysis buffer according to the manufac-
turer's instructions. Mammary gland intracellular cAMP
concentrations were determined using a cyclic AMP XP
Assay Kit (Cell Signaling Technology, #4339S) using 50 ug
total protein in 1% triton lysis buffer according to the man-
ufacturer's instructions. Sertraline concentrations were
determined using a Sertraline Enzyme Immunoassay Kit
(Neogen Toxicology, #131319) using serum diluted 1:5 ac-
cording to the manufacturer's instructions. All assays had
an intra-assay CV of <10% and inter-assay CV of <5%.
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2.5 | Mammary gland, duodenum, =
kidney and femur protein extraction, g .
RNA, and RT-qPCR g @ e A ° g S
"EE M El: EM
Protein was extracted from the mammary gland, kidney, gV
and duodenum using radioimmunoprecipitation assay = =S
buffer (1X PBS, 1% octyl phenoxypolyethoxylethanol [NP- g é §
40], 0.5% sodium deoxycholate, 0.1% SDS) or 1% triton § Q © o E - 3 g
lysis buffer supplemented, with 10 ul/ml Halt Protease and - Bl B 55 2
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, o ~ N - . & é i
#78441). Lysates were homogenized and cleared by cen- 2 2 g g 8 8 8 8 § T g
trifugation for 15 min at 12,000 g. Protein concentration ; g ¢ <Rl < E 5 g g
was determined using bicinchoninic acid assay (Bioworld, T2 B
#20831001-1). EE
RNA was extracted from the mammary gland, kid- = g 2 2, g
ney, duodenum, and entire femurs using TRI-Reagent p 3339 & I E 3
(Molecular  Research, Thermo Fisher Scientific, ,:' j}l I ;I ; 2 2
#NC9277980) according to manufacturer's protocol. RNA g < 3 § = gr % q“:; 2
of 1 ug was reverse transcribed with High-Capacity cDNA “ - ﬁ E %
Reverse Transcription Kit (Applied Biosystems, Thermo o + 8 = if —g
Fisher Scientific, #4368814) with murine RNase inhib- = =] % i ) “j §
itor (New England Biolabs, #M0314L). Quantitative RT- (1:' \;I hy :,I ;I «? 3 %
PCR was conducted using the CFX96 Touch-Real-Time g E R ~ 3 § & 4 g E §
PCR Detection System (Bio-Rad Laboratories). Reaction “ - § g g
mixtures and cycling conditions were performed as pre- i = B —E
viously described (Laporta et al., 2013). Primers were de- * 3 33 & - 8 %ﬂ &b
signed with an optimal annealing temperature of 60°C. I EIE B %n;) g
Amplification efficiencies of primers were accepted g s S § 52 o &
within a range of 95%-105% and a singular melt-curve. @ - e g
The primer sequences are listed in Table 1. The house- & - w8 . TE E
keeping parameter was the geometric mean of Rsp9 and § “ s 3 3 S Z g é &
S15, with mammary glands using Rsp9, S15, and K8 (to E :' :,' :rrl ;' C+,| g B pa ’ﬁ
control for mammary epithelial cells). Analysis was con- = E % S § & 8 ; g g
ducted using the 27T method. See Table S1 for primer i’é a - % g 2
sequences. g % % %
2 o 3 £E £
, : e 8885 o %8s
2.6 | Mammary gland histology and g %R RL % F8 3
immunofluorescence § g 3 3833 3 S 15 g
S 7] = =) *g B c;j
Sectioned mammary glands were stained with hema- 8 i 2 §
toxylin and eosin (H&E), with 1 section per animal. 20x § 8 gL £
S g = = w b
images were captured using a Zeiss Axio Vert. A1 micro- £ g . 5 28 ., ~ g2 £
scope and Q-capture pro 7 software. Three nonoverlap- g g " fl fl fl fl jrf'l 3 E 8
ping images per animal were then used to quantify alveoli g § o|lE 3 M E i g0 E
number and size using ImageJ software. Mammary gland E s| 88 5 < 8 © & by § g
. . o . o =1
slides were deparaffinized and processed for immunofluo- = ?,3 g
rescence using the following antibodies: TPH1 (Abcam, 'E‘ o oo § ?g ; 2
#ab228588, 1:250) or Ki67 (Abcam, #ab15580, 1:200) in & g . & B i3z
combination with the epithelial cell marker E-Cadherin 2z g g g g e =EN s o3k
(BD Biosciences, #610182, 1:250) and ZO-1 (Invitrogen, = E23 T2 2o 9w E%E 3
#33-9100, 1:50) in combination with the epithelial cell = b - B4 E Fhal ia % g 3 E
marker cytokeratin 8 (Abcam, #ab53280,1:100). Secondary &= = - a 2 258 2
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antibodies were incubated for 1 h at room temperature and
diluted 1:250 using Alexa Fluor 594 Goat Anti-Rabbit IgG
(Life Technologies, #A11037), Alexa Fluor 488 Goat Anti-
Mouse IgG (Life Technologies, #A11001), Alexa Fluor
594 Goat Anti-Mouse IgG (Life Technologies, #A11005),
and Alexa Fluor 488 Goat Anti-Rabbit IgG (Jackson
ImmunoResearch, #111-545-144). Nuclei were visualized
using DAPI, dilactate (4’,6-diamidino-2-phenylindole, di-
lactate) (Invitrogen, #D3571, 300 nM final concentration).
All images were captured using an Eclipse E600 com-
pound microscope (Nikon Instruments Inc.) fitted with
a 20x dry objective (Plan Fluor NA = 0.75; Nikon) and
equipped with a CoolSNAP Dyno CCD camera (Teledyne
Photometrics), and NIS elements imaging software (Nikon
Instruments Inc.).

2.7 | Statistics

All statistical analyses were conducted using GraphPad
Prism 9 (Version 9.2.0). Analysis between two treat-
ments without the effect of time were performed using
a Student's unpaired two-sided t-test. When data were
not normally distributed, a Mann-Whitney test was
performed for nonparametric data. Analyses with
multiple t-tests, FDR was used to correct for multiple
comparisons. Analyses with multiple time points were
conducted using a two-way ANOVA with Tukey's mul-
tiple comparisons test to detect differences between
treatment groups. For all analyses, differences among
means were considered significant if p < 0.05 or a
tendency if 0.05 < p < 0.1. All values are reported as
mean + SEM.

3 | RESULTS

3.1 | Maternal circulating, but not
mammary or duodenal, 5HT is impacted by
sertraline treatment

C57BL/6 dams were treated daily with 10 mg/kg/day
sertraline beginning at confirmation of pregnancy
(pregnancy day 1, treatment D1) throughout end of lac-
tation where pups reached weaning at 21 days of lacta-
tion (treatment D41) (treatment schematic Figure 1a).
Maternal weight was lower in sertraline-treated dams,
particularly throughout lactation (p < 0.05, Figure 1b).
We next examined how peripartum sertraline impacted
maternal SHT homeostasis. Maternal circulating 5HT
concentration was decreased by sertraline treatment
throughout pregnancy and lactation (p < 0.01, Figure
2a). These findings are consistent with previous studies

showing decreased circulating SHT with SSRI treatment
(Bismuth-Evenzal et al., 2012; Holck et al., 2019; Rossum
et al., 2020).

We then measured 5HT concentration and 5HT syn-
thesis genes in tissues known to secrete SHT into circula-
tion, the mammary gland, and intestine. Mammary tissue
SHT concentration was unchanged by sertraline treat-
ment when compared to vehicle on D30 and D41 (Figure
2b), but there was a time effect, with 5SHT concentrations
significantly increased at weaning (D41) compared to
peak lactation (D30) (p < 0.01). Tphl (the rate-limiting
enzyme in 5HT synthesis) gene expression was twofold
higher in the treatment dams compared to controls on
D30 (Figure 2c), increasing by fivefold in the on D41
(p = 0.08, Figure 2d).

Duodenal 5HT concentration was unchanged by ser-
traline treatment (Figure 2e). However, SHT concentra-
tions were significantly altered over time (p < 0.01) with
a reduction observed in sertraline-treated dams by 3m
post-treatment (p < 0.05). We did not observe changes in
expression of SHT metabolism target genes Tphl, MaoA,
or Sert at any timepoint (Figure 2f-h).

3.2 | Maternal sertraline treatment
impacts maternal calcium metabolism

Based on previous findings by our group demonstrating
that 5HT increases calcium transport into the mammary
gland, we tested if sertraline treatment increases calcium
transport into the mammary gland. Circulating calcium
relative to D1 was significantly decreased by sertraline
treatment (p < 0.05) and changed over time (p < 0.001,
Figure 3a). This finding contrasts with our previous
fluoxetine study where we observed increased maternal
circulating calcium with SSRI treatment (Weaver et al.,
2018).

We then analyzed the mammary gland and milk to
determine whether decreased circulating calcium could
impact transfer of calcium into milk and therefore the
offspring. Mammary gland calcium content was un-
changed by sertraline treatment compared to vehicle
(Figure 3b), but there was an overall significant reduc-
tion in mammary gland calcium content on D41 com-
pared to D30 (p < 0.0001). Mammary Pthlh (PTHrP
gene) and its receptor, Pthrl were unchanged by ser-
traline on D30 (Figure 3c), along with the calcium trans-
porters (Orail, Stim1, Spcal, Spca2, Pmcal, Pmca2, and
Serca2), suggesting sertraline treatment does not impact
calcium trafficking at peak lactation. Similarly, calcium
trafficking genes were not impacted by sertraline on D41
(Figure 3d). Mammary cAMP concentrations, a com-
mon measure of PTHrP activity (Figure 3e), was not
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FIGURE 2 Peripartum sertraline decreased circulating serotonin but did not impact tissue serotonin. C57BL/6 dams were
administered vehicle (8.3% DMSO) or sertraline (10 mg/kg/day in 8.3% DMSO) from the day of conception, treatment day 1 (D1) through
end of lactation (D41) and then rested for 3 months post-weaning (3m post-treatment). Blood was collected from all mice, 6 h after
treatment, on D1, D18, D20, D30, and D41 and at D30, D41, or 3m dams were euthanized, and serum was isolated. Serum serotonin
concentrations were measured at each timepoint (a). Mammary gland serotonin concentration (mM/mg protein) was measured at D30
and D41, during lactation (b) and genes involved in serotonin metabolism were measured at D30 (c) and D41 (d). Duodenum serotonin
concentration (mM/mg protein) was measured at each timepoint (e), along with genes involved in serotonin metabolism at D30 (f), D41 (g),
and 3m post-treatment (h). Dams were harvested at peak lactation (D30, treatment day 30) (n = 7 vehicle; n = 9 sertraline), weaning (D41,
treatment day 41) (n = 9 vehicle; n = 9 sertraline), or were aged an additional 3 months after weaning (3m post-treatment) (n = 10 vehicle;
n = 10 sertraline). Data presented as mean + SEM and analyzed using two-way ANOVA for treatment and time or ¢-test with multiple
comparisons. *p < 0.05

significantly altered by sertraline treatment, but cAMP We found no differences in milk production, as
concentrations were reduced overall on D41 compared measured by WSW, between treatment and control
to D30 (p < 0.01). (Figure 3f), but there was a significant change over
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FIGURE 3 Peripartum sertraline reduced circulating calcium and tended to reduce milk calcium without impacting pup milk
consumption. Serum samples taken 6 h after treatment, were used to measure circulating calcium (mM), which is shown corrected to

each mouse's baseline (D1) sample (a). Mammary gland calcium concentration (mM/mg protein) was measured at D30 and D41, during
lactation (b) and genes involved in calcium trafficking were measured at D30 (c) and D41 (d). Mammary cAMP, a measure of PTHrP activity
was measured during lactation (e). Each day of lactation, pups were removed from the dam and fasted for 4 h, after the fast, the pups were
weighed, returned to the dam for a 1-h nursing bout, and then weighed again. The difference in weight represented the amount of milk
consumed for each litter, which was then divided by the total number of pups in the litter on that given day, to estimate the grams of milk
consumed per pup (f). Milk calcium was determined (mg Ca) corrected to the milk protein (mg protein) at the first day of lactation, D20,
and peak lactation, D30 (g). Dams were harvested at peak lactation (D30, treatment day 30) (n = 7 vehicle; n = 9 sertraline), weaning (D41,
treatment day 41) (n = 9 vehicle; n = 9 sertraline), or were aged an additional 3 months after weaning (3m post-treatment) (n = 10 vehicle;
n = 10 sertraline). Data presented as mean + SEM and analyzed using two-way ANOVA for treatment and time or #-test with multiple
comparisons
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time in both vehicle- and sertraline-treated dams
achieving peak lactation around D30 with a steady de-
cline after peak lactation (p < 0.0001). Milk calcium
(Figure 3g) tended to be decreased by sertraline treat-
ment (mg calcium/mg protein) (p = 0.09), but there
was no time effect and no treatment by time interac-
tion (p > 0.05).

3.3 | Sertraline treatment may result in
faster involution of the mammary gland

We measured alveolar size, area of the alveoli lumen, and
quantity, number of alveoli in each picture, by hematoxy-
lin and eosin staining of mammary glands (Figure 4a-c).
No differences in alveolar quantity were observed between
the vehicle and sertraline on D30. We also investigated
the possibility of accelerated mammary gland involu-
tion due to SSRI exposure (Marshall et al., 2010), which
normally occurs as offspring begin to rely less on milk
for growth and more on dry food. We examined the dif-
ferences in mammary gland alveoli morphology between
peak lactation (D30) and weaning (D41), as involution is
associated with decreased alveoli diameter and increased
re-differentiation of adipocytes (Marshall et al., 2010). On
D41, the number of alveoli increased (p < 0.05) with ser-
traline treatment. Between D30 and D41, we observed a
time effect, resulting in a significant increase in alveolar
number (p < 0.001) and a decrease in alveolar diameter
(p < 0.0001) by D41. We measured expression of the SHT
receptor seven gene (5htr7) as it has been shown to regu-
late mammary gland involution (Marshall et al., 2010; Pai
et al., 2015; Pai & Horseman, 2008). A twofold increase
in 5htr7 expression (Figure 4d) with sertraline treatment
(p < 0.05) was observed. However, this was not accom-
panied by alterations in milk protein gene expression of
p-casein or a-lactalbumin (Figure 4e). We therefore exam-
ined the localization of the tight junction protein, zona
occludens 1 (ZO-1), the proliferation marker, Ki67, and
the rate-limiting enzyme in 5HT synthesis, TPH1 at D30
and D41 to determine whether sertraline accelerated in-
volution (Figure 4f-h). TPH1 staining was present in both
treatments at both timepoints, as expected, since 5HT is
necessary for both lactation and involution. Ki67 staining
was reduced by D41 in both treatments, which was further
reduced by sertraline treatment. We then examined ZO-1,
a tight junction scaffolding protein that becomes disrupted
during involution. ZO-1 staining decreased by D41 in both
vehicle and sertraline dams, suggesting both were under-
going involution, but ZO-1 staining in sertraline- treated
dams was undetectable, suggesting sertraline-treated dams
may have increased tight junction permeability compared
to vehicle-treated dams on D41 of treatment.
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3.4 | Maternal sertraline treatment

does not exacerbate lactation-induced

bone loss

Previously, fluoxetine resulted in a sustained reduction
of maternal bone mass (Weaver et al., 2018). Lactation
is associated with a 20%-30% decrease in maternal
BMD in rodents (VanHouten & Wysolmerski, 2003),
so failing to regenerate bone mass afterwards is a sig-
nificant detriment to skeletal integrity. To examine
whether sertraline had similar effects, we examined
bone structural parameters by microCT and assessed
bone metabolism by determining relative expression of
a panel of key bone metabolic genes. MicroCT analysis
was used to examine the effect of sertraline treatment
on maternal bone mass throughout lactation and post-
weaning. Femoral trabecular bone volume / total vol-
ume (BV/TV) was unchanged by sertraline treatment
but was significantly reduced by 3m post-treatment in
both vehicle and sertraline dams (p < 0.0001, Figure
5a). Femoral trabecular BV/TV was not impacted by
sertraline treatment (p > 0.05) but there was a tendency
for a reduction at 3m post-weaning (p = 0.08). There
was a tendency for reduced femoral trabecular BMD by
sertraline treatment (p = 0.08), but no other sertraline
effects on femoral trabecular bone (Table 1). Similarly,
there were no effects of sertraline treatment on corti-
cal bone (Table 2), but cortical thickness increased by
3m post-treatment in both vehicle and sertraline dams
(p < 0.001, Figure 5b). By 3m post-treatment all dams
exhibited age-related skeletal changes with decreased
number and increased spacing of trabecular bone
(Table 1), but cortical porosity was only reduced in ve-
hicle dams (Table 2).

Expression of key genes reflecting the activity of bone re-
sorption (Nfatc, Mcp1, Mmp9, Trap, mCSF, Ctsk, and Rank)
and formation (Runx2, Mmp13, Alkp, Bglap, and Bmp1) on
D30, D41, and 3m post-treatment (Figure 6a-i). An addi-
tional assessment of resorption was performed using the
RankL/Opg ratio: the resorption gene (RankL) to the anti-
resorption (Opg). Bone formation genes were not impacted
at any timepoint. We did not detect changes in femoral
Pthrl or Pthlh gene expression (Figure S1). PINP concen-
trations did not change throughout lactation, but sertraline
overall decreased PINP concentrations (p < 0.05, Figure
6j). Thus, systemic markers of bone turnover indicate a de-
crease in bone formation due to sertraline treatment, which
is consistent with fluoxetine treatment (Weaver et al.,
2018). There was no effect of sertraline on the RankL/Opg
ratio was seen any timepoints. Similarly, bone resorption
genes were not changed with sertraline-treatment, except
threefold increase in Mcp1 expression, at 3m compared to
vehicle-treated dams (Figure 6h). Sertraline treatment did
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not alter overall bone resorption as measured by serum
CTX-I (Figure 6k). As expected, CTX-I was higher in lac-
tating mice (D30, D41) compared to 3m post-lactation.
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FIGURE 4 Peripartum sertraline does not impact the mammary gland at peak lactation but may increase involution at weaning. The right
inguinal mammary gland was collected, fixed in 10% formalin, and used for histological examination. Histological hematoxylin and eosin stained
mammary glands at D30 and D41 (a). The number of alveoli (b) and the diameter of the alveoli (c) were quantified from three nonoverlapping sections
for each mouse. Mammary gland expression of 5htr7 (d) and milk protein genes a-lactalbumin and f-casein (€) were examined at weaning. The number
4 mammary gland was also used for immunofluorescence, imaged at 20X magnification at D30 and D41. Tph1 (red) combined with E-cadherin

(green) and dapi (blue) (f), Ki67 proliferation marker (red) combined with E-cadherin (green) and dapi (blue) (g), and ZO1 tight junction protein (red)
combined with cytokeratin 8 (green) and dapi (blue), white arrows denoting positive ZO1 staining (h). Mammary gland sections were imaged at 20x
magnification, scale bars represent 100 pm. Dams were harvested at peak lactation (D30, treatment day 30) (n = 7 vehicle; n = 9 sertraline), weaning
(D41, treatment day 41) (n = 9 vehicle; n = 9 sertraline), or were aged an additional 3 months after weaning (3m post-treatment) (n = 10 vehicle; n = 10
sertraline). Data presented as mean + SEM and analyzed using two-way ANOVA for treatment and time or ¢-test with multiple comparisons. *p < 0.05
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3.5 | Maternal sertraline increases
calcium trafficking in the duodenum

other tissues that are involved in the regulation of calcium
homeostasis. Duodenal calcium content was not affected

at weaning and increases kidney
calcium retention

Because the drop in circulating calcium was more dras-
tic than the change in milk calcium alone, we explored

by treatment or time (p > 0.05, Figure 7a). Additionally,
we examined gene expression related to duodenal cal-
cium trafficking (Cav1.3, Trpv6, CalbindinD9K, Pmcal,
Spca2, and Serca2) on D30, D41, and 3m (Figure 7b-d).
Increased CalbindinD9K expression was observed on D41
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TABLE 2 Primiparous femoral cortical bone parameters evaluated by MicroCT

Measurements

p-value

3m

D41

D30

Interaction

Treatment

SRT VEH SRT VEH SRT Time

VEH

0.41

0.092

1.75 £ 0.03 1.84 +£0.02 1.86 + 0.03

1.84 +0.05 1.82 +£0.03

1.87 +£0.02

Periosteal area

(mm?)

0.34

0.47

0.0006

8.7+ 0.08

8.6 + 0.06

8.7+ 0.1

+ 9.04 +£ 0.2 8.9 +£0.08

9.2 + 0.06

Periosteal Porosity

(mm)
Tissue BMD (mg

<0.0001 0.32 0.65

565.4 + 4.9

577.04 + 15.8

4194 +94

416.8 + 15.8

4238 +7.4

4429 + 5.9

Hg/cm®)
Tissue TMD (mg

<0.0001 0.36 0.48

1281.5 + 5.9

1281.7 + 12.0

1214.9 + 6.0

1216 + 7.3

1189.8 + 5.1

1204.2 + 7.4

Hg/cm®)

Note: Dams were harvested at peak lactation (D30, treatment day 30) (n = 5 vehicle; n = 8 sertraline), weaning (D41, treatment day 41) (n = 7 vehicle; n = 7 sertraline), or were aged an additional 3 months after

SHEFTEL ET AL.

weaning (3m post-treatment) (n = 9 vehicle; n = 10 sertraline). Data presented as mean + SEM and analyzed using two-way ANOVA for treatment and time. p < 0.05 is considered significant and 0.1 < p < 0.05 is

considered a tendency.

Abbreviations: BMD, bone mineral density; SRT, sertraline; TMD, total mineral density; VEH, vehicle.

(p < 0.05). Furthermore, sertraline increased calcium
trafficking genes, such as calcium absorption (Trpve6,
p < 0.05) and utilization (Pmcal, p < 0.05) genes on D41
(Figure 7C). Kidney calcium content (Figure 7E) was in-
creased by sertraline treatment (p < 0.05) with a tendency
for sertraline-mediated increase at D41 (p = 0.05), was al-
tered by time (p < 0.001), with a tendency for an interac-
tion between sertraline treatment and time (p = 0.05). We
also measured expression of kidney calcium trafficking
genes (Pthrl, Nex1, Calbindin D9K, Trpv6, and Pmcal).
Sertraline tended to increase Pmcal at D30 (p = 0.06), but
no other differences in calcium trafficking genes occurred
(Figure 7f-h). Although sertraline decreased circulating
calcium, it was not due to decrease in duodenal absorp-
tion, though the kidney retained higher concentration of
calcium.

3.6 | Offspring are unaffected by
maternal sertraline treatment

Previous results in offspring born to fluoxetine-treated
dams at weaning were shorter than those born to controls.
Therefore, we examined if offspring born to sertraline-
treated dams were impacted by exposure during the
peripartum period. Offspring were harvested at either
postnatal day 10 (D30) or 21 (D41). Offspring sertraline
concentrations were undetectable (data not shown).
Additionally, pup circulating SHT concentrations (Figure
8a) on D41 compared to D30 (p < 0.0001). Circulating cal-
cium concentrations were unchanged due to sertraline
exposure, sex, and timepoint (p > 0.05) (Figure 8b) and
offspring weight gain was not affected by sertraline expo-
sure (Figure 8c).

In utero and lactational exposure to fluoxetine impaired
offspring trabecular and cortical bone, resulting in de-
creased trabecular BV/TV and increased cortical porosity
(Weaver et al., 2019). We therefore examined if in utero and
lactation exposure to sertraline similarly decreased offspring
bone. Like the sertraline-treated dams, trabecular BV/TV
was unchanged in the sertraline-exposed offspring (Figure
8d). Offspring trabecular total mineral density was signifi-
cantly increased in sertraline-exposed offspring (p < 0.05,
Table 3). Cortical thickness was not altered in offspring
exposed to sertraline but was significantly increased in the
females compared to their male counterparts (p < 0.05,
Figure 8e). Other trabecular and cortical parameters were
unchanged due to sex or sertraline-exposure (Tables 3 and
4, respectively). Furthermore, offspring femur length was
unchanged in the male and female offspring exposed to ser-
traline (p > 0.05, Figure 8f,g). Together this data suggests
that in utero and lactational exposure to sertraline does not
impair offspring bone formation.
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FIGURE 6 Peripartum sertraline reduced the circulating marker for bone formation but did not impact bone formation or resorption
gene expression. Femurs were collected at D30, D41, or 3m post-treatment and RNA was harvested from the entire femur using TRI-reagent.
RT-qPCR was used to examine genes involved in bone formation and bone resorption at D30 (a-c), D41 (d-f), or 3m (g-i). Serum markers

of bone formation, PINP (j), and bone resorption, CTX (k), were measured. Dams were harvested at peak lactation (D30, treatment day 30)
(n = 7 vehicle; n = 9 sertraline), weaning (D41, treatment day 41) (n = 9 vehicle; n = 9 sertraline), or were aged an additional 3 months after
weaning (3m post-treatment) (n = 10 vehicle; n = 10 sertraline). Data presented as mean + SEM and analyzed using two-way ANOVA for
treatment and time or ¢-test with multiple comparisons. *p < 0.05, **p < 0.01, and ***p < 0.001

3.7 | Sertraline reduces circulating
5HT and calcium in nulliparous animals

We additionally characterized the impact of sertraline on
nulliparous animals (virgin females) to separate the ef-
fects of sertraline compared to lactation-induced effects.
Nulliparous females were exposed to the same treat-
ment scheme as primiparous dams detailed in Figure 1a.
Sertraline treatment did not impact nulliparous females
weight gain (Figure 9a) but reduced circulating SHT
throughout the treatment period and was then unchanged

by 3m post-treatment (p < 0.001, Figure 9b). Like the pri-
miparous dams, sertraline treatment did not impact duo-
denal 5HT content in nulliparous females (Figure 9¢c). We
examined 5HT metabolism target genes (Tphl, Maoa,
and Sert) at treatment D30, D41, and 3m post-treatment
(Figure 9d-f), finding no change with sertraline treatment.

Circulating calcium concentrations were reduced by
sertraline treatment across the treatment period and re-
mained so by 3m post-treatment (p < 0.001, Figure 9g).
Sertraline did not impact duodenal calcium content at any
timepoint (Figure 9h), additionally, calcium trafficking gene
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FIGURE 7 Sertraline increased kidney retention of calcium and increased duodenal calcium trafficking at weaning. Duodenal
calcium concentration (mM/mg protein) was measured at D30, D41, and 3m (a). Calcium trafficking gene expression was measured in

the duodenum at D30 (b), D41 (c), and 3m (d). Kidney calcium concentration (mM/mg protein) was measured at D30, D41, and 3m (e).
Calcium trafficking gene expression was measured in the kidney at D30 (f), D41 (g), and 3m (h). Dams were harvested at peak lactation
(D30, treatment day 30) (n = 7 vehicle; n = 9 sertraline), weaning (D41, treatment day 41) (n = 9 vehicle; n = 9 sertraline), or were aged an
additional 3 months after weaning (3m post-treatment) (n = 10 vehicle; n = 10 sertraline). Data presented as mean + SEM and analyzed
using two-way ANOVA for treatment and time or ¢-test with multiple comparisons. *p < 0.05, and **p < 0.01

expression (Cavl.3, Trpv6, Calbindin D9K, Pmcal, Spca2,
and Serca2) was unchanged with sertraline treatment
(Figure 9i-k). Sertraline did not impact kidney calcium con-
tent, but calcium concentrations changed overtime reaching
peak concentrations at D41 (p < 0.0001, Figure 91). Kidney
gene expression of Pthrl, Ncxl, Trpv6, Calbindin D9, and
Pmcal were unchanged at all timepoints (Figure 9m-o).

3.8 | Sertraline does not impact
nulliparous bone

We examined the impact of sertraline treatment on nul-
liparous bone to determine whether sertraline, in the

absence of lactation, affects bone micro-structure. We
measured bone resorption genes (Nfatc, Mcpl, Mmp9,
Trap, mCsf, Ctsk, and Rank) and bone formation genes
(Runx2, Mmp13, Alkp, Bglap, and Bmpl) at D30, D41,
and 3m post-treatment (Figure S2), finding no change
with sertraline treatment. The RankL/Opg ratio (Figure
10a—c) and Pthlh and Pthrl expression (Figure S1) were
also unchanged with sertraline treatment. PINP concen-
trations were unaffected by sertraline treatment, with de-
creased concentrations occurring at 3m post-treatment
(p < 0.0001, Figure 10d). CTX concentrations were simi-
larly unchanged by sertraline treatment, but changed
overtime, with all animals having decreased CTX concen-
trations by 3m post-treatment (p < 0.0001, Figure 10e).
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FIGURE 8 In utero and lactational exposure to sertraline does not impact offspring bone formation. Offspring was euthanized at

postnatal day 10 (D30) or weaning, postnatal day 21 (D41). Serum serotonin concentration (ng/ml) was measured (a) and serum calcium
concentration (mM) was measured (b). Offspring weight gain (g) was measured daily throughout lactation (c). D41 offspring was used for
bone measurements to determine how sertraline exposure impacted offspring bone formation. Bone volume / total volume (BV/TV) was
measured (d), cortical thickness (e), female femur length (f), and male femur length (g) were measured. Three-dimensional reconstruction
images of the trabecular bone (h) and cortical bone (i) are shown. Offspring were harvested at weaning (maternal treatment D41) for bone
analysis (n = 12 vehicle, n = 12 female), and at peak lactation (maternal treatment D30) or weaning (D41) for serum analysis. For serum,
all animals from the litter were pooled together separated by sex (D30 vehicle female n = 7 and male n = 6, D30 sertraline female n = 7 and
male n = 7, D41 vehicle female n = 9 and male n = 9, D41 sertraline female n = 9 and male n = 9). Data presented as mean + SEM and
analyzed using two-way ANOVA for treatment and time or Students’ t-test

MicroCT analysis was used to determine structural
changes with sertraline treatment in nulliparous animals.
Similar to the primiparous dams, sertraline did not im-
pact trabecular BV/TV, but BV/TV decreased significantly
with age (3m post-treatment) in all nulliparous females
(p < 0.0001, Figure 10f). Cortical thickness was un-
changed in sertraline-treated nulliparous females but was
increased by 3m post-treatment (p < 0.0001, Figure 10g),
similar to the primiparous dams. Sertraline treatment did
not impact other trabecular (Table 5) or cortical parame-
ters measured (Table 6), however, the nulliparous females
displayed decreased trabecular number and increased

trabecular spacing by 3m post-treatment, similar to the
primiparous dams. Together, these data demonstrate that
sertraline did not compromise nulliparous female bone
health.

4 | DISCUSSION

Contrary to our initial hypothesis that sertraline would
affect bone like fluoxetine, we determined that this low
dose of sertraline did not result in bone mass reductions
in the mother, the offspring, or nulliparous females,
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TABLE 3 Offspring femoral trabecular bone parameters evaluated by MicroCT
Measurements
Male Female p-value
VEH SRT VEH SRT Sex Treatment Interaction
Tb.N (1/mm) 3.8+0.2 3.8+0.2 3.7+0.1 3.7+0.09 0.68 0.91 0.84
Tb.Sp. (mm) 0.28 + 0.01 0.28 + 0.01 0.28 + 0.009 0.27 + 0.007 0.83 0.81 0.76
Tb.Th (mm) 0.023 +£0.001  0.022 + 0.001 0.024 +0.001  0.024 + 0.001 0.074 0.17 0.83
Tissue BMD (mg Hg/cms) 16.8 + 5.0 16.9 + 4.6 22.6 +5.3 11.4 + 2.7 0.97 0.22 0.22
Tissue TMD (mg Hg/cm3) 998.1 + 4.1 9949 + 3.3 1000.0 + 4.8 1004.9 + 3.3 0.33 0.010 0.96

Note: Offspring were harvested at weaning (maternal treatment D41) for bone analysis (n = 12 vehicle, n = 12 female). Data presented as mean + SEM and
analyzed using two-way ANOVA for treatment and sex. p < 0.05 is considered significant and 0.1 < p < 0.05 is considered a tendency.

Abbreviations: BMD, bone mineral density; SRT, sertraline; Tb.N., trabecular number; Tb.Sp., trabecular spacing; Tb.Th., trabecular thickness; TMD, total

mineral density; VEH, vehicle.

TABLE 4 Offspring femoral cortical bone parameters evaluated by MicroCT

Measurements
Male Female p-value
VEH SRT VEH SRT Sex Treatment Interaction
Periosteal area 1.14 +0.05 1.16 + 0.06 1.19 £ 0.07 1.12 + 0.032 0.95 0.62 0.39
(mm®)
Periosteal 0.81 + 0.01 0.81 + 0.01 0.81 + 0.01 0.79 + 0.01 0.11 0.18 0.12
porosity (mm)
Tissue BMD (mg 1554 +5.6 147.1 + 8.9 1479 + 7.3 160 + 6.1 0.71 0.79 0.16
Hg/cm?)
Tissue TMD (mg 881.6 + 8.5 891.6 + 10.6 892 + 7.7 912.9 +10.1 0.099 0.11 0.57
Hg/cm?)
Periosteal area 1.14 +0.05 1.16 + 0.06 1.19 £ 0.07 1.12 4+ 0.03 0.95 0.62 0.39
(mm®)

Note: Offspring were harvested at weaning (maternal treatment D41) for bone analysis (n = 12 vehicle, n = 12 female). Data presented as mean + SEM and
analyzed using two-way ANOVA for treatment and sex. p < 0.05 is considered significant and 0.1 < p < 0.05 is considered a tendency.

Abbreviations: BMD, bone mineral density; SRT, sertraline; TMD, total mineral density; VEH, vehicle.

indicating that it could be a safer therapeutic choice than
fluoxetine for the skeleton with prolonged SSRI treat-
ment in peripartal animals. Maternal trabecular bone
was affected by time, but the effect of sertraline was not
clear as there was only a tendency for a decreased tra-
becular BV/TV that only occurred at 3m post-partum.
Future studies could build on this initial study by inves-
tigating the effect of sertraline on maternal bone later in
life and increasing the power, as these subtle effects may
require additional animals to parse out the differences.
All primiparous and nulliparous animals exhibited age-
associated skeletal changes by 3m post-treatment. There
is the possibility that these age-associated changes were
able to mask the potential mild sertraline-lactation
interaction.

Prolonged treatment with fluoxetine (6 weeks) in
mice resulted in inhibited osteoclast differentiation

and decreased bone formation, resulting in bone loss
(Ortuno et al., 2016). Consistent with that study, ser-
traline reduced circulating P1INP concentrations, a
marker indicating bone formation, suggesting a mild
decrease in bone formation, although microCT param-
eters were largely unaffected. However, this low-dose
sertraline altered circulating calcium in an opposite
manner to previous results in our lab using fluoxetine.
These opposing effects of sertraline and fluoxetine on
calcium and the skeleton suggest that although they
are both within the SSRI class, that they have differ-
ential effects on the dam due to the pharmacological
profiles of the drugs in addition to the varying doses
(Ables & Baughman, 2003; DeVane et al., 2002; Sohel
et al., 2021).

The dose used in this study (10 mg/kg/day) trans-
lates to ~50 mg in humans using the FDA body-scale
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FIGURE 9 Nulliparous females treated with sertraline had reduced serum serotonin and calcium levels but did not impact kidney
calcium retention. Age-matched C57BL/6 nulliparous virgin female mice were treated with either vehicle (8.3% DMSO) or sertraline (10 mg/
kg/day in 8.3% DMSO) for the same timeframe as the primiparous dams, as a bone control for pregnancy and lactation. Nulliparous weight
(g) was measured daily, and the weight gain relative to start of treatment is shown (a). Serum serotonin concentration (ng/ml) was measured
(b), duodenal serotonin (nM/mg protein) was measured (c), and duodenal serotonin metabolism gene expression was measured at D30 (d),
D41 (e), and 3m post-treatment (f). Serum calcium concentration (mM) was measured, calcium concentration was corrected to the baseline
for each mouse (g). Duodenal calcium concentration (mM/mg protein) was measured (h) and duodenal calcium trafficking gene expression
was measured at D30 (i), D41 (j), and 3m (k). Kidney calcium concentration (mM/mg protein) was measured (1) and kidney calcium
trafficking gene expression was measured at D30 (m), D41 (n), and 3m (o). Nulliparous virgin mice were used as a control and harvested at
treatment day 30 (n = 9 vehicle; n = 9 sertraline), treatment day 41 (n = 10 vehicle; n = 10 sertraline), or 3 months post-treatment (n = 10
vehicle; n = 10 sertraline). Data presented as mean + SEM and analyzed using two-way ANOVA for treatment and time or ¢-test with
multiple comparisons. **p < 0.01, and ***p < 0.001

conversion (Nair & Jacob, 2016); which is the bottom of
the range for recommended human prescribed doses of
50-200 mg/day. Marcus et al., interviewed 276 pregnant
women finding 13% were currently taking an SSRI to
treat depression, and the average dose of daily sertraline
was 68.7 mg/day whereas the daily dose of fluoxetine
was 23.3 mg/day (Marcus & Flynn, 2008). Conversely,
our previous research with fluoxetine using 20 mg/kg/
day approximated slightly above the high end (~90 mg) of

the prescribed range of fluoxetine (20-80 mg/day) in hu-
mans (Nair & Jacob, 2016). Furthermore, sertraline has a
relatively short half-life of 22-36 h (DeVane et al., 2002).
Unlike sertraline, fluoxetine's half-life is 2-4 days, with
the active metabolite, norfluoxetine, having a half-life of
7-14 days (Sohel et al., 2021). Furthermore, fluoxetine
inhibits the enzyme responsible for its metabolism, cyto-
chrome 2D6, therefore, high doses or sustained treatment
results in a further increase of the half-life (Sanz et al.,
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FIGURE 10 Sertraline did not compromise nulliparous female bone health. Nulliparous females were age-matched to the primiparous
females and euthanized on D30, D41, or 3m post-treatment. Whole femurs were used for RNA extraction using TRI-reagent and gene
expression was measured with RT-qPCR. Bone resorption versus anti-resorption was measured with the RankL, Opg, and RankL/Opg

ratio at D30 (a), D41 (b), and 3m (c). Serum bone formation, PINP concentration (ng/ml) was measured (d), and bone resorption, CTX-I
concentration (ng/ml) was measured (e). Trabecular bone volume/total volume (BV/TV) was measured (f) and cortical thickness (g). Three-
dimensional reconstruction images of trabecular bone (h) and cortical bone (i) are shown. Nulliparous virgin mice were used as a control
and harvested at treatment day 30 (n = 9 vehicle; n = 9 sertraline), treatment day 41 (n = 10 vehicle; n = 10 sertraline), or 3 months post-
treatment (n = 10 vehicle; n = 10 sertraline). Data presented as mean + SEM and analyzed using two-way ANOVA for treatment and time
or t-test with multiple comparisons. *p < 0.05, **p < 0.01, and ****p < 0.0001
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2005; Sohel et al., 2021). This indicates a need for a head-
to-head comparison with analogous doses to confirm the
superior bone safety of sertraline compared to fluoxetine.

Beyond the functional outcome of bone loss due to
SSRIs, we examined the intermediate signaling steps in this
study to try to understand the mechanism by which SSRIs
could be affecting bone. Outside the nervous system, SSRIs
prevent SHT from being transported into cells by uptake
through SERT, resulting in an increase in intracellular (tis-
sue) SHT (Sheftel & Hernandez, 2020; Weaver et al., 2018).
In this study, we report no change in mammary gland or
duodenal 5HT concentration with sertraline treatment.
However, we observed a significant decrease in circulat-
ing SHT levels relative to baseline. Platelets lack the TPH1
enzyme required for SHT synthesis resulting in decreased
platelet SHT with SSRI exposure (Bismuth-Evenzal et al.,
2012; Holck et al., 2019; Rossum et al., 2020). Together,
these findings suggest that the dose of sertraline used is
having a systemic physiological response, although there
may not be an increase in tissue SHT due to the shorter
half-life of the drug. One limitation of this study is the fact
that the dams must undergo a 6-h fast prior to collecting
blood since food intake can affect the abundance of bone
resorption markers in the circulation (Clowes et al., 2002).
The 6-h fast between dosing and blood collection, could
result in missing the window of highest sertraline potency.
We suspect the sertraline dose used in this study causes a
transient SHT response due to the short half-life and lower
dose rather than the prolonged 5HT response observed
with higher dose fluoxetine treatment.

During lactation, calcium homeostasis is regulated by
PTHrP, which is synthesized in the mammary gland and
secreted. Upon entering circulation, PTHrP can act on
the bone to liberate calcium for milk synthesis through
binding to the parathyroid hormone receptor 1 (PTHR1).
Previously, we have demonstrated that mammary-
derived 5HT regulates PTHrP through autocrine/para-
crine SHT2B receptor signaling, as well as intracellular
epigenetic alterations of sonic hedgehog, and through
the molecular process of serotonylation (Hernandez
et al., 2012; Laporta, Keil, Weaver, et al., 2014; Sheftel
& Hernandez, 2020). PTHrP is also regulated by the cal-
cium sensing receptor, which works in a negative feed-
back loop with PTHrP (Mamillapalli & Wysolmerski,
2010). In previous in vivo and in vitro studies, fluoxe-
tine treatment results in an increase in tissue 5HT and
subsequent increase in mammary PTHrP (Pthlh gene)
(Hernandez et al., 2012; Sheftel & Hernandez, 2020)
however, this was not the case with sertraline in this
study. Thus, the observed bone loss with fluoxetine but
not with sertraline could be explained by the presence
or absence of sustained 5HT-induced PTHrP signaling
with different SSRIs.

In a non-lactating state, 95% of 5HT is synthesized in
the gut, and calcium homeostasis in a non-lactating state
is maintained through the gut, kidney, bone, and parathy-
roid gland (Banskota et al., 2019; Ramasamy, 2006). We ex-
amined how sertraline affects peripheral SHT and calcium
homeostasis through duodenal and kidney calcium traf-
ficking. Sertraline treatment reduced circulating calcium
concentrations, increased kidney calcium concentrations,
and increased intestinal gene expression of Calbindin-
DYk, Trpv6, and Pmcal (calcium trafficking proteins) on
D41 in the primiparous group, resulting in a restoration
of circulating calcium to vehicle-treated levels by 3m
post-treatment. This suggests that in the sertraline-treated
dams, the maternal body is responding to decreased cir-
culating calcium by increasing the calcium absorption
in the duodenum while decreasing the excretion in kid-
neys. Interestingly, over time, vehicle-treated dams expe-
rienced a decrease in kidney calcium content, whereas
the sertraline-treated dams remained constant. During
lactation, intestinal Pmcal and Calbindin-D9k increases
(Zhu et al., 1998) however, the maternal body primarily re-
sponds to the lactation-associated calcium demand by mo-
bilizing calcium from the skeleton while reducing calcium
excretion from the kidney (Kovacs & Kronenberg, 1997).

One limitation of this study is that we did not collect
urine samples, therefore, we cannot confirm that ser-
traline further decreased calcium excretion, but suspect
is based on the kidney calcium content. The nulliparous
females treated with sertraline had a sustained reduction
of circulating calcium through 3m post-treatment, which
was accompanied by no alterations in kidney calcium
content. This suggests that sertraline may be influencing
calcium homeostasis differently in lactating compared to
non-lactating mice. Future studies should aim to differ-
entiate how SSRIs impact the calcemic hormones (PTH,
calcitriol, and calcitonin), particularly in the non-lactating
bone control mice. Particularly, because calcitriol in-
creases intestinal calcium absorption and kidney calcium
reabsorption (Horst et al., 1994).

5HT has an important autocrine/paracrine role during
lactation on involution of the mammary gland due 5HT’s
interaction with the 5HT receptor 7 (Pai et al., 2015) in
addition to its role in inducing PTHrP. SHT and SSRIs,
particularly fluoxetine, accelerate involution by disas-
sembly of tight junctions in a biphasic manner, reducing
milk yield (Hernandez et al., 2011; Marshall et al., 2010;
Pai et al., 2015; Pai & Horseman, 2008). Herein, we re-
ported sertraline treatment resulted in a significant in-
crease in gene expression of 5htr7 in the mammary gland.
By D41, ZO-1 immunofluorescent staining revealed a
significant reduction in both the vehicle- and sertraline-
treated dams, with sertraline dams having undetectable
levels of ZO-1 as observed by immunofluorescence.
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This suggests that both control and sertraline mammary
glands were undergoing involution, but sertraline treat-
ment may result in a mildly faster involution. This could
possibly be due to signaling via the 5htr7, however this
needs to be examined more closely. Additional work is
needed to confirm whether sertraline, like fluoxetine,
accelerates involution. This finding could be important
for women using SSRIs during lactation and possible im-
pacts on maintenance of milk production for their babies
(Marshall et al., 2010).

Sertraline treatment results in the lowest umbilical cord
serum concentrations among SSRIs, suggesting a lower
fetal exposure, and sertraline appears to have the lowest
concentration of crossover into the breast milk during lac-
tation compared to other SSRIs (Gentile, 2005; Hendrick
et al., 2003; Meltzer-Brody, 2011; Payne, 2007). One study
examining the excretion of fluoxetine and the metabolite,
norfluoxetine, in human breast milk, found that infants
were ingesting approximately 10.8% of the maternal dose
(Taddio et al., 1996). However, another study examining
excretion of sertraline and the metabolite, desmethylser-
traline, in human breast milk, found that infants were in-
gesting approximately 0.54% of the maternal dose (Stowe
et al., 1997). This suggests that the offspring of mothers
on sertraline have a lower daily SSRI exposure through
the milk compared to fluoxetine. Our data supports this
as we were unable to detect sertraline concentrations in
the offspring. Furthermore, the pups had similar con-
centrations of calcium and 5HT in their serum, suggest-
ing that sertraline did not impact calcium homeostasis
or 5HT signaling in the pups through exposure to SSRI
via milk. Sertraline treatment did not impact mammary
calcium content or transporters in the primiparous dams.
However, milk calcium content tended to decrease in the
sertraline-treated dams. Offspring serum calcium con-
centrations were unchanged throughout lactation and
were unaffected by sertraline treatment, suggesting that
although milk calcium content was mildly decreased, the
offspring still received adequate calcium from the diet.
Offspring exposed to fluoxetine during pregnancy and lac-
tation had shorter long bones and a decreased head cir-
cumference (Weaver et al., 2019), but we did not observe a
change in long bone length with sertraline treatment. This
suggests in utero and lactational exposure to sertraline
does not impact offspring bone formation.

In summary, sertraline treatment caused a reduction in
circulating calcium concentrations, which led to compen-
satory increases in kidney and duodenal calcium uptake.
More importantly, sertraline treatment did not exacerbate
or lead to a sustained reduction of maternal BMD, and ser-
traline did not impact offspring bone formation. Further
research is needed to assess high-dose sertraline on mater-
nal and offspring BMD to directly compare its effects with
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high-dose fluoxetine. However, sertraline treatment may
result in a more rapid mammary gland involution, given it
increased alveoli number and reduced ZO-1, a tight junc-
tion protein, on day 21 of lactation. Further research is
needed to confirm whether sertraline results in impaired
breastfeeding durations. Together, this research adds to the
evidence base suggesting that sertraline is a better choice
of antidepressant during the peripartum period for pres-
ervation of maternal bone density as well as for offspring
bone formation but may impact the duration of lactation.
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