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Peripartal treatment with high-dose sertraline increases the RankL/Opg

ratio and leads to negative offspring outcomes
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Abstract

Clinical depression is common during pregnancy and postpartum, impacting 16% of

pregnant women and 20% of postpartum women . SSRIs are used to treat peripartal depression;

however, little is known about long-term effects of these SSRIs on maternal bone health. We

have shown that peripartal use of high-dose fluoxetine in rodents exacerbated normal calcium

mobilization experienced during lactation, resulting in sustained reduction in maternal bone

density. However, peripartal use of low-dose sertraline (10 mg/kg/d) in rodents did not impact

maternal bone health. Therefore, we tested the hypothesis that high-dose sertraline (20 mg/kg/d)

would alter maternal calcium signaling, similarly to high-dose fluoxetine. We observed an

increase in the RankL/Opg ratio, as well as decreased litter size and offspring survival rate. This

raises safety concerns for sertraline for the dam and her offspring when taken during the

peripartal period.

Introduction

Depressive disorders occur in 16% of pregnancies; if left untreated, depression may cause

low birth weight, higher rates of miscarriage, preterm labor, irritable babies, and suicide10,38.

Given these adverse effects, the benefits of antidepressants often outweigh the potential negative

effects10,38. Selective serotonin reuptake inhibitors (SSRIs) are the most commonly prescribed

class of antidepressants for pregnant and breastfeeding women38,49. Sertraline (Zoloft®) is the

most commonly prescribed  peripartal SSRI26. SSRIs are designed to inhibit the serotonin

reuptake transporter SERT in the brain in order to increase serotonin exposure and regulate mood



and behavior. However, 95% of serotonin in the body is synthesized in the periphery. Thus,

SSRIs can enhance peripheral serotonin signaling by inhibiting peripheral SERT, increasing

serotonin synthesis, and decreasing serotonin degradation21.

Although sertraline is the most common peripartal SSRI, there are five other SSRIs that

are currently marketed in the United States, including fluoxetine (Prozac®), paroxetine (Paxil®),

fluvoxamine (Luvox®), citalopram (Celexa®), and escitalopram (Lexapro®)1. While all drugs in

this class of antidepressants work by inhibiting SERT, they each have differing pharmacologic

profiles1. For instance, their half-lives can range from as low as 15-20 hours (fluvoxamine)32 to

as high as 2-4 days (fluoxetine) or 7-9 days (norfluoxetine, active metabolite of fluoxetine)39. In

addition, sertraline and citalopram have linear pharmacokinetics, while fluoxetine, paroxetine,

and fluvoxamine have nonlinear pharmacokinetics14. These differing pharmacologic profiles

make it difficult to draw meaningful comparisons between the drugs within the SSRI class.

During lactation, the mammary gland drives calcium homeostasis through serotonin

(5-hydroxytryptamine; 5HT)18. 5HT is synthesized in a two-step process. First, L-tryptophan is

hydroxylated, creating 5-hydroxytryptophan (5HTP) in the rate-limiting step catalyzed by

tryptophan hydroxylase-1 (TPH1)2,13,18. Then 5HTP is decarboxylated by aromatic L-amino acid

decarboxylase creating 5-HT2,13,18. Mammary 5HT drives the synthesis and secretion of

parathyroid hormone-related protein (PTHrP) from mammary epithelial cells (MECs) into the

blood where it acts on the bone to liberate calcium through osteoclast osteolysis, as well as

through osteoclasts6,18,19,50.

During the recommended 6 months of exclusive breastfeeding, mothers may lose up to

10% of their bone density to supply calcium for the milk17,34. Bone density is thought to return to

a pre-lactation level post-weaning17,33,40; however, recent epidemiological studies have challenged



this paradigm4. SSRIs have been shown to decrease bone density independent of lactation5,28,44.

Our lab previously showed peripartal SSRI fluoxetine use increased synthesis of both 5HT and

PTHrP in mouse dams, leading to a persistent reduction in bone mineral volume post-weaning49.

These results demonstrating an inability to recover lactation-induced bone loss in mice could

suggest women taking SSRIs during pregnancy and lactation could be at an increased risk for

osteoporosis and bone fracture later in life49.

Given the implications of these results, we wanted to determine if SSRIs as a class have

the effect of decreasing maternal bone density when taken during the peripartum period, or if this

effect is unique to fluoxetine. We then tested a 10mg/kd/d sertraline dose but found no decrease

in maternal bone mass37. For this study, we tested a higher dose of sertraline (20 mg/kg/d), more

similar to the high-dose fluoxetine study, to determine whether the bone reductions are

dose-dependent or SSRI-dependent. We hypothesized that high-dose sertraline would increase

maternal calcium mobilization, resulting in sustained loss of maternal bone mass.

Additionally, we observed a significant decrease in litter size and increase in pup

mortality with low-dose sertraline9. This was surprising, since there has been no association

between exposure to SSRIs during pregnancy and stillbirth or neonatal mortality16. Other studies

have also found insufficient evidence to suggest that SSRIs reduce fertility42. Thus, this study

observed fertility/miscarriage rates, litter size, and pup mortality to see if this trend persisted.

Our lab has developed a strong reputation in lactation physiology, demonstrating many

novel findings necessary to our understanding of 5HT’s involvement in lactation and how SSRIs

compound these effects13,18,19,48-50. This study adds to this knowledge by assessing sertraline’s

impact on maternal calcium metabolism when taken during the peripartum period. This



information is crucial for evaluating the safety of SSRI use during pregnancy/lactation and the

potential long-term side-effects.

Methods

Animals

All experiments were conducted under protocol number A005789-01 and approved by

the Research Animal Care and Use Committee at the University of Wisconsin-Madison. Female

C57BL/6J mice were housed in a controlled environmental facility in the Animal and Dairy

Sciences Department at the University of Wisconsin-Madison at 25ºC, 50-60% humidity, and a

12-hour light: 12-hour dark cycle, with ad libitum food and water. Starting at 6 weeks of age,

female mice were bred overnight. Observation of a seminal plug indicated successful copulation

and the beginning of pregnancy. These mice were then housed individually and randomly

assigned to sertraline treatment or vehicle control. Starting on the date the seminal plug was

observed (Embryonic day 0, E0), dams received intraperitoneal injections of either 20 mg/kg/d

sertraline reconstituted in 15% DMSO in saline or vehicle control (15% DMSO in saline).

Injections occurred daily between the hours of 0800 and 0900 from the day a seminal plug is

observed (E0) through weaning (Lactation day 21, L21). The final volume injected into each

dam was 0.12 mL of either sertraline or vehicle. Dams and pups were weighed daily at the time

of injection. Dams were harvested at weaning (L21) (n = 5 vehicle, n = 2 sertraline). Pups were

also harvested at weaning.

Sample collection

Blood was collected on E0, E10, E17.5, L1, L10, and L21. Mice were fasted for 6 hours

prior to blood collection, and blood was collected from the submandibular vein using a 5.5-mm

lancet. The blood was then placed on ice for 20 minutes to allow for disruption of platelets and



centrifuged at 3000 RPM at 4ºC for 20 minutes to isolate serum. Serum was stored at -80ºC until

analysis.

At weaning (L21), the dams were fasted for 6 hours and then euthanized using carbon

dioxide inhalation followed by cervical dislocation. The left femur, mammary glands, duodenum,

and kidneys were extracted and snap frozen in liquid nitrogen and then stored at -80ºC until

analysis.

Mammary gland, duodenum, kidney, and femur protein extraction, RNA, and

RT-qPCR

Protein was extracted from the mammary gland, duodenum, and kidney using

radioimmunoprecipitation assay buffer or 1% triton lysis buffer. Lysates were homogenized and

cleared by centrifugation for 15 minutes at 4ºC and 12,000 RPM. Bicinchoninic acid assay was

used to measure protein concentration (Bioworld, #20831001-1).

RNA was extracted from the mammary gland, duodenum, kidney, and femur using

TRI-Reagent (Molecular Research, Thermo Fisher Scientific, #NC9277980) according to the

manufacturer’s protocol. 1 µg of RNA was reversed transcribed with High-Capacity cDNA

Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific, #4368814) with

murine RNase inhibitor (New England Biolabs, #M0314L). Quantitative RT-PCR was performed

using the CFX96 Touch-Real-Time PCR Detection System (Bio-Rad Laboratories) with reaction

mixtures and cycling conditions being performed as previously described20. The 2-∆∆CT method

was used for analysis.

Assays

5HT concentrations were measured using a 5HT Enzyme Immunoassay Kit (Beckman

Coulter, #IM1749) using serum diluted 1:150 or 150 µg protein in radioimmunoprecipitation



lysis buffer as previously described19,49. Calcium concentrations were measured using a Calcium

Assay Kit (Cayman Chemical Company, #701220) in serum diluted 1:1 or in tissue using 100 µg

protein in 1% triton lysis buffer according to the manufacturer’s instructions.

Statistics

GraphPad Prism 9 (Version 9.3.1) was used for all statistical analyses. A Student’s

unpaired two-sided t-test was used for analysis between two treatments without the effect of

time. For analyses with multiple t-tests, False Discovery Rate (FDR) was used to correct for

multiple comparisons. A two-way ANOVA with Tukey’s multiple comparisons tests was used

for analyses with multiple time points to detect differences between treatment groups. For all

analyses, a difference of p < 0.05 was considered significant, and a difference of 0.05 < p < 0.1

was considered to be a tendency. All values are reported as mean SEM.±

Results

High-dose sertraline treatment reduced maternal weight during both pregnancy and

lactation

Starting at the observation of a seminal plug (E0) and until weaning (L21), C57BL/6J

dams were treated daily with 20 mg/kg/day sertraline. Maternal weight was decreased in dams

treated with sertraline during both pregnancy (p < 0.0001) and lactation (p < 0.01).



High-dose sertraline impacts circulating and duodenal 5HT levels

We also looked at how peripartum high-dose sertraline affected maternal 5HT

homeostasis. Treatment with high-dose sertraline reduced maternal serum 5HT throughout

pregnancy and lactation (p < 0.01, Figure 2a). These findings are consistent with previous studies

showing decreased circulating 5HT with SSRI treatment, as well as the low-dose sertraline study

conducted by our lab3,15,37,46.





We then measured 5HT concentrations and 5HT synthesis gene expression in tissues

known to secrete 5HT into circulation–the mammary gland and duodenum. Mammary gland

5HT concentrations were not impacted by high-dose sertraline treatment (Figure 2b). This is

consistent with the results of our lab’s low-dose sertraline study37. 5HT synthesis genes in the

mammary gland were not impacted by treatment with high-dose sertraline (Figure 2c). Duodenal

5HT concentrations were reduced in sertraline-treated dams as compared to vehicle control dams

(p < 0.01, Figure 2d). However, there were no changes in duodenal expression of Tph1, MaoA,

or Sert (Figure 2e).



High-dose sertraline treatment may decrease the amount of Ca2+ transported into

the milk but does not impact mammary gland involution

Our lab previously demonstrated that 5HT increases calcium transport into the mammary

gland. However, circulating calcium relative to E0 was not affected by high-dose sertraline

treatment (Figure 3a). This finding is inconsistent with that of the low-dose sertraline study,

which observed a decrease in maternal circulating calcium37.



Mammary gland calcium content was unchanged by high-dose sertraline treatment

compared to vehicle (Figure 3b). This is consistent with the findings of the low-dose sertraline

study37. Mammary Pthlh (PTHrP gene) and its receptor, Pthr1, along with the calcium

transporters Orai1, Serca2, Stim 1, Spca1, Spca2, and Pmca1 were unchanged by high-dose

sertraline at L21 (Figure 3c). These findings are consistent with those of the low-dose sertraline

study37. However, Pmca2 gene expression in the mammary gland was significantly decreased

(Figure 3c).

Past studies have shown that SSRI exposure accelerates mammary gland involution22,37.

Mammary gland involution normally occurs as the offspring transition from relying mostly on

milk for growth to mainly relying on dry food. The 5HT receptor seven gene (5htr7) has been

shown to regulate mammary gland involution22,29,30. However, high-dose sertraline treatment did

not significantly affect 5htr7 gene expression (Figure 3d). This is inconsistent with the low-dose

sertraline study, which saw an increase in 5htr7 in sertraline mice as compared to vehicle control

mice37. Neither milk protein gene expression of α-lactalbumin nor β-casein was altered by

high-dose sertraline treatment (Figure 3d), which is consistent with low-dose sertraline

findings37.

High-dose sertraline treatment may exacerbate lactation-induced bone loss

Rodents normally lose 20-30% of their bone density during lactation45. Fluoxetine was

previously shown to exacerbate and sustain this lactation-induced bone loss, thereby leaving

dams vulnerable to fracture and osteoporosis49.



High-dose sertraline treatment did not affect the expression of bone formation genes

(Alkp, Bglap, and Bmp1) (Figure 4a) or bone resorption genes (mCsf, Ctsk, Trap, Rank) (Figure

4b). No changes were detected in femoral Pthr1 gene expression (Figure 4b). These findings are

consistent with those of the low-dose sertraline study37. However, we performed another

assessment of bone resorption using the RankL/Opg ratio: the resorption gene (RankL) to the

anti-resorption gene (Opg). The RankL/Opg ratio was increased at L21 in dams treated with

high-dose sertraline as compared to vehicle control dams (Figure 4c). This finding is inconsistent

with that of the low-dose sertraline study, which observed no effect of sertraline on the

RankL/Opg ratio37. This preliminary data indicates that sertraline could negatively impact

maternal bone structure, but only at a high dosage.

High-dose sertraline treatment did not impact maternal calcium trafficking in the

duodenum or kidney calcium retention



Duodenal calcium content at L21 was not affected by high-dose sertraline treatment

(Figure 5a). This is consistent with what was observed in the low-dose sertraline study37. Gene

expression at L21 related to duodenal calcium trafficking (Calbindin D9K, Trpv6, Pmca1, and

Cav 1.3) was also unaffected by high-dose sertraline treatment (Figure 5b). These findings are

inconsistent with those of the low-dose sertraline study, which observed an increase in Calbindin

D9K expression at L21, as well as an increase in calcium absorption (Trpv6) and calcium

utilization (Pmca1) genes at L2137.



Kidney calcium content was not impacted by high-dose sertraline treatment (Figure 5c).

This is inconsistent with the low-dose sertraline study, which observed an increase in kidney

calcium content in sertraline dams as compared to vehicle dams37. High-dose sertraline increased

Trpv6 gene expression at L21, but no other kidney calcium trafficking genes (Calbindin D9K,

Pmca1, Pthr1, and Ncx1) were affected by high-dose sertraline treatment (Figure 5d).

High-dose sertraline reduces litter size, increases gestation length, and increases

offspring mortality

We also examined fertility and miscarriage rates by assessing the live birth rate and

gestation. Live birth rate–which was measured as the percentage of dams that plugged and were

pregnant–was unaffected by high-dose sertraline treatment (Figure 6d). The length of gestation

was increased in sertraline dams compared to vehicle dams (Figure 6c), suggesting possible

issues with dystocia. In addition, we observed offspring outcomes including pup mortality, litter

size, and percent litter dead. Offspring exposed to high-dose sertraline in utero and during

lactation had a decreased survival rate as compared to offspring from vehicle control dams

(Figure 6a). High-dose sertraline treatment also reduced litter size (Figure 6b). However, percent

litter dead–which was measured as the percentage of dead pups in each litter–was not

significantly affected by high-dose sertraline treatment (Figure 6e).



Offspring are unaffected by maternal high-dose sertraline treatment

Offspring were harvested at lactation day 21 (L21). Offspring circulating 5HT

concentrations (Figure 7a) and circulating calcium concentrations (Figure 7b) were unaffected by

high-dose sertraline exposure, suggesting sertraline did not cross over into the milk. Offspring

weight gain was also not affected by high-dose sertraline exposure (Figure 7c). These results are

consistent with those of the low-dose sertraline study37.



Discussion

We hypothesized that maternal treatment with high-dose sertraline would result in a

sustained reduction in bone density, similar to high-dose fluoxetine. We observed in this study

that high-dose sertraline significantly increased the RankL/Opg ratio, indicating increased bone

resorption, which was not observed in the low-dose sertraline study37 but was seen in the

high-dose fluoxetine study49. MicroCT analysis is needed in the future to determine how

high-dose sertraline impacts femoral trabecular bone volume/total volume (BV/TV), as well as



trabecular and cortical bone structure. However, from the data observed in this study, the

decrease in bone density may be a dose-dependent phenomenon rather than an effect that is

fluoxetine-specific, but future work is needed to confirm this speculation. It may be the case that

SSRIs as a class exacerbate lactation-induced bone density loss, but due to the varying

pharmacokinetics of each SSRI it may only impact the bone at different dosing. Future studies

should examine a range of doses to confirm whether this is a dose-dependent response to the

SSRI. .

The recommended dosing of sertraline is 50-200 mg/d for humans and according to the

FDA body-scale conversion, the 20 mg/kg/day sertraline dosage used in this study would

translate to a daily dose of about 100 mg in humans27, while the 10 mg/kg/d sertraline study

translates to a 50 mg dose in humans27,37. The high-dose fluoxetine study also used a dosage of

20 mg/kg/day, or about 100 mg in humans27,49. However, the recommended human prescribed

dose for fluoxetine only ranges from 20-80 mg/day, meaning the high-dose fluoxetine study was

conducted above the recommended dosage for humans. It is necessary to make direct

comparisons between SSRI and doses in the same study, as it appears the effects may be dosage

dependent. When compared at the same translatable dose, it would seem that sertraline and

fluoxetine have negative impacts on maternal bone health when taken during pregnancy and

lactation. If confirmed with a larger sample size and microCT analysis, this would show that

sertraline does not have superior bone safety over fluoxetine, at least not at a higher dosage.

Outside the nervous system, SSRIs prevent 5HT from being taken up into cells by SERT,

resulting in increased intracellular (tissue) 5HT36,48. We observed an increase in duodenal 5HT

concentration but no impact on mammary gland 5HT concentration as a result of peripartum

high-dose sertraline. The majority of 5HT in the body is synthesized, stored, and released from



enterochromaffin cells in the intestinal mucosa24,47. These enterochromaffin cells use TPH1 to

synthesize serotonin24,47. Thus, it is possible that we observed an increase in duodenal serotonin

concentration due to the compounding effect of increased intracellular 5HT as a result of SERT

inhibition combined with duodenal synthesis of 5HT.

The lack of change in mammary gland 5HT could be due to the short half-life of

sertraline, which is 22-36 hours8. In the high-dose fluoxetine study, an increase in mammary

gland 5HT concentration was observed49. However, fluoxetine’s half-life is 2-4 days, and its

active metabolite, norfluoxetine, has a half-life of 7-14 days39. In addition, fluoxetine inhibits

cytochrome 2D6, the enzyme that metabolizes fluoxetine35,39.

Platelets circulate the peripheral 5HT synthesized in tissues such as the duodenum23. We

observed a significant decrease in circulating 5HT levels. Platelets do not have the TPH1 enzyme

required for 5HT synthesis. This fact, combined with the inhibition of SERT and therefore 5HT

uptake, decreases platelet 5HT with SSRI exposure3,15,46. Overall, the results suggest that the dose

of sertraline used is having a systemic physiological response. One limitation of this study

involved the 6-hour fasting period before blood collection. This fasting period was required since

food intake can affect the abundance of bone resorption markers in the circulation7. However,

this could have resulted in missing the window of highest sertraline potency.

Compared to fluoxetine, sertraline has a lower fetal exposure–based on low umbilical

cord serum concentrations–as well as the lowest concentration of crossover into the breast

milk11,12,25,31. One study found that infants ingest 10.8% of the maternal dose of fluoxetine

through breast milk43, while another study found that infants only ingested 0.54% of the maternal

dose of sertraline through breast milk41. This suggests that offspring of mothers taking sertraline

during lactation have lower daily SSRI exposure than offspring of mothers taking fluoxetine



during lactation. Like the low-dose sertraline study, we observed no difference in circulating

5HT or circulating calcium between pups with mothers receiving sertraline and mothers

receiving the vehicle control during lactation37. This suggests that whatever exposure the

sertraline pups had to the SSRI via crossover into the milk, the exposure was not enough to

significantly alter 5HT signaling or calcium homeostasis in the pups.

However, Pmca2 expression was decreased in the maternal mammary gland, suggesting

less calcium was transferred from the MEC to the milk. Milk calcium content tended to decrease

in the sertraline-treated dams of the low-dose study, although milk calcium content would need

to be measured in high-dose sertraline dams to confirm a similar trend37. Offspring serum

calcium concentrations, however, were unaffected by maternal treatment with high-dose

sertraline. This suggests that although the milk calcium content may have been decreased, the

offspring still received sufficient calcium.

Litter size and offspring survival rate were reduced in high-dose sertraline dams. These

results mirrored those seen in both the high-dose fluoxetine and low-dose sertraline studies9 . Our

lab has proposed that placental insufficiency may be the cause of this SSRI-related pup mortality

rather than a direct toxic effect of the SSRIs on fetal development9. Sertraline and fluoxetine

have differing placental transfer but similar offspring mortality and increased serotonin

concentrations in the maternals side of the placenta altering placental homeostasis9. Placental

insufficiency leads to fetal growth restriction, which has been associated with morphological

heart changes, increased cardiac workload, and dilated cardiomyopathy9. Further studies are

needed to test this hypothesis.

A major flaw with this study was the small sample size of sertraline dams. Many dams

enrolled in the study that had a successful pregnancy lost all of their offspring within the first few



days of lactation. Only the dams who made it to weaning could be harvested for tissue analysis.

The small sample size led to high variability within the sertraline group. This may explain why

we did not observe the following results from the low-dose sertraline study: indications of

accelerated mammary gland involution, reduced circulating calcium, and increases in kidney and

duodenal calcium uptake37. Thus, a larger sample size is required for future studies.

In summary, high-dose sertraline treatment seemed to exacerbate lactation-induced

reduction of maternal bone density, similar to high-dose fluoxetine. However, microCT analysis

is needed to confirm this finding. In addition, future research is needed to assess how high-dose

sertraline affects offspring bone density and bone formation. High-dose sertraline treatment

resulted in significantly reduced litter size and offspring survival. This increase in offspring

mortality may be due to placental insufficiency, but further research is required to confirm this

hypothesis. Together, this research questions the safety of sertraline in terms of maternal bone

health and offspring outcomes when taken during the peripartum period.



References

1. Ables, A.Z. and Baughman, O.L. III. 2003. Antidepressants: update on new agents and

indications. Am Fam Physician 67(3): 547-555.

2. Amireault, P., Sibon, D., and Côté, F. 2012. Life without peripheral serotonin: insights

from tryptophan hydroxylase 1 knockout mice reveal the existence of paracrine/autocrine

serotonergic networks. ACS Chemical Neuroscience 4(1): 64-71.

3. Bismuth-Evenzal, Y., Gonopolsky, Y., Gurwitz, D., Iancu, I., Weizman, A., and Rehavi,

M. 2012. Decreased serotonin content and reduced agonist-induced aggregation in

platelets of patients chronically medicated with SSRI drugs. Journal of Affective

Disorders 136(1-2): 99-103.

4. Bjørnerem, Å., Ghasem-Zadeh, A., Wang, X., Bui, M., Walker, S.P., Zebaze, R., and

Seeman, E. 2016. Irreversible deterioration of cortical and trabecular microstructure

associated with breastfeeding. Journal of Bone and Mineral Research 32(4): 681-687.

5. Bonnet, N., Bernard, P., Beaupied, H., Bizot, J.C., Trovero, F., Courteix, D., and

Benhamou, C.L. 2007. Various effects of antidepressant drugs on bone microarchitecture,

mechanical properties and bone remodeling. Toxicology and Applied Pharmacology

221(1): 111-118.

6. Chen, X., Wang, Z., Duan, N., Zhu, G., Schwarz, E.M., and Xie, C. 2018.

Osteoblast-Osteoclast Interactions. Connective Tissue Research 59(2): 99-107.

7. Clowes, J.A., Hannon, R.A., Yap, T.S., Hoyle, N.R., Blumsohn, A., and Eastell, R. 2002.

Effect of feeding on bone turnover markers and its impact on biological variability of

measurements. Bone 30(6): 886-890.



8. De Vane, C.L., Liston, H.L., and Markowitz, J.S. 2002. Clinical pharmacokinetics of

sertraline. Clinical Pharmacokinetics 41: 1247-1266.

9. Domingues, R.R., Fricke, H.P., Sheftel, C.M., Bell, A.M., Sartori, L.C., Manuel, R.S.J.,

Krajco, C.J., Wiltbank, M.C., and Hernandez, L.L. 2022. Effects of low and high doses of

two selective serotonin reuptake inhibitors on pregnancy outcomes and neonatal

mortality. Toxics 10(1): 11.

10. Dubovicky, M. Belovicova, K, Csatlosova, K, and Bogi, E. 2017. Risks of using

SSRI/SNRI antidepressants during pregnancy and lactation. Interdisciplinary Toxicology

10(1): 30-34.

11. Gentile, S. 2005. The safety of newer antidepressants in pregnancy and breastfeeding.

Drug Safety 28: 137-152.

12. Hendrick, V., Stowe, Z.N., Altshuler, L.L., Hwang, S., Lee, E., and Haynes, D. 2003.

Placental passage of antidepressant medications. The American Journal of Psychiatry

160(5): 993-996.

13. Hernandez, L.L, Gregerson, K.A., and Horseman, N.D. 2012. Mammary gland serotonin

regulates parathyroid hormone-related protein and other bone-related signals. American

Journal of Physiology Endocrinology and Metabolism 302: E1009-E1015.

14. Hiemke, C. and Härtter, S. 2000. Pharmacokinetics of selective serotonin reuptake

inhibitors. Pharmacology & Therapeutics 85(1): 11-28.

15. Holck, A., Wolkowitz, O.M., Mellon, S.H., Reus, V.I., Nelson, J.C., Westrin, Å., and

Lindqvist, D. 2019. Plasma serotonin levels are associated with antidepressant response

to SSRIs. Journal of Affective Disorders 250: 65-70.



16. Jimenez-Solem, E., Anderson, J.T., Petersen, M., Broedbaek, K., Lander, A.R., Afzal, S.,

Torp-Pedersen, C., and Poulsen, H.E. 2013. SSRI use during pregnancy and risk of

stillbirth and neonatal mortality. The American Journal of Psychiatry 170(3): 299-304.

17. Kovacs, C.S. 2016. Maternal mineral and bone metabolism during pregnancy, lactation,

and post-weaning recovery. Physiological Reviews 96(2): 449-547.

18. Laporta, J., Keil, K.P., Vezina, C.M., and Hernandez, L.L. 2014. Peripheral serotonin

regulates maternal calcium trafficking in mammary epithelial cells during lactation in

mice. PLoS ONE 9(10): e110190. doi:10.1371/journal.pone.0110190.

19. Laporta, J., Keil, K.P., Weaver, S.R, Cronick, C.M., Prichard, A.P., Crenshaw, T.D.,

Heyne, G.W., Vezina, C.M., Lipinski, R.J., and Hernandez, L.L. 2014. Serotonin

regulates calcium homeostasis in lactation by epigenetic activation of hedgehog

signaling. Molecular Endocrinology 28(11): 1866-1874.

20. Laporta, J., Peters, T.L., Weaver, S.R., Merriman, K.E., and Hernandez, L.L. 2013.

Feeding 5-hydroxy-L-tryptophan during the transition from pregnancy to lactation

increases calcium mobilization from bone in rats. Domestic Animal Endocrinology 44(4):

176-184.

21. Marshall, A.M., Hernandez, L.L, and Horseman, N.D. 2014. Serotonin and serotonin

transport in regulation of lactation. Journal of Mammary Gland Biology and Neoplasia

19: 139-146.

22. Marshall, A.M., Nommsen-Rivers, L.A., Hernandez, L.L, Dewey, K.G., Chantry, C.J.,

Gregerson, K.A., and Horseman, N.D. 2010. Serotonin transport and metabolism in the

mammary gland modulates secretory activation and involution. The Journal of Clinical

Endocrinology & Metabolism 95(2): 837-846.



23. Matthes, S. and Bader, M. 2018. Peripheral serotonin synthesis as a new drug target.

Trends in Pharmacological Sciences 39(6): 560-572.

24. Mawe, G.M. and Hoffman, J.M. 2013. Serotonin signaling in the gastrointestinal tract:

functions, dysfunctions, and therapeutic targets. Nature Reviews Gastroenterology &

Hepatology 10(8): 473-486.

25. Meltzer-Brody, S. 2011. New insights into perinatal depression: pathogenesis and

treatment during pregnancy and postpartum. Dialogues Clinical Neuroscience 13(1):

89-100.

26. Molenaar, N.M., Bais, B., Lambregtse-van den Berg, M.P., Mulder, C.L., Howell, E.A.,

Fox, N.S., Rommel, A., Bergink, V., and Kamperman, A.M. 2020. The international

prevalence of antidepressant use before, during, and after pregnancy: A systematic

review and meta-analysis of timing, type of prescriptions and geographical variability.

Journal of Affective Disorders 264: 82-89.

27. Nair, A.B. and Jacob, S. 2016. A simple practice guide for dose conversion between

animals and human. Journal of Basic and Clinical Pharmacy 7(2): 27-31.

28. Ortuño, M.J., Robinson, S.T., Subramanyam, P., Paone, R., Huang, Y., Guo, X.E.,

Colecraft, H.M., Mann, J.J., and Ducy, P. 2016. Serotonin-reuptake inhibitors act

centrally to cause bone loss in mice by counteracting a local anti-resorptive effect. Nature

Medicine 22: 1170-1179.

29. Pai, V.P., Hernandez, L.L, Stull, M.A., and Horseman, N.D. 2015. The type 7 serotonin

receptor, 5-HT7, is essential in the mammary gland for regulation of mammary epithelial

structure and function. BioMed Research International 2015: 364746.



30. Pai, V.P. and Horseman, N.D. 2008. Biphasic regulation of mammary epithelial resistance

by serotonin through activation of multiple pathways. Journal of Biological Chemistry

283(45): 30901-30910.

31. Payne, J.L. 2007. Antidepressant use in the postpartum period: practical considerations.

The American Journal of Psychiatry 164(9): 1329-1332.

32. Perucca, E., Gatti, G., and Spina, E. 1994. Clinical pharmacokinetics of fluvoxamine.

Clinical Pharmacokinetics 27(3): 175-190.

33. Ritchie, L.D., Fung, E.B., Halloran, B.P., Turnlund, J.R., Van Loan, M.D., Cann, C.E.,

and King, J.C. 1998. A longitudinal study of calcium homeostasis during human

pregnancy and lactation and after resumption of menses. The American Journal of

Clinical Nutrition 67(4): 693-701.

34. Ryan, B.A. and Kovacs, C.S. 2019. The puzzle of lactational bone physiology: osteocytes

masquerade as osteoclasts and osteoblasts. Journal of Clinical Investigation 129:

3041-3044.

35. Sanz, E.J., De-las-Cuevas, C., Kiuru, A., Bate, A., and Edwards, R. 2005. Selective

serotonin reuptake inhibitors in pregnant women and neonatal withdrawal syndrome: a

database analysis. The Lancet 365(9458): 482-487.

36. Sheftel, C.M. and Hernandez, L.L. 2020. Serotonin stimulated parathyroid hormone

related protein induction in the mammary epithelia by transglutaminase-dependent

serotonylation. PLoS ONE 15(10): e0241192.

37. Sheftel, C.M., Sartori, L.C., Hunt, E.R., Manuel, R.S.J., Bell, A.M., Domingues, R.R.,

Wake, L.A., Scharpf, B.R., Vezina, C.M., Charles, J.F., Hernandez, L.L. 2022. Peripartal



treatment with low-dose sertraline accelerates mammary gland involution and has

minimal effects on maternal and offspring bone. Physiological Reports 10(5): e15204.

38. Sie, S.D., Wennink, J., Driel, J.V., Winkel, A.T., Boer, K., Casteelen, G., and

Weissenbruch, M.V. 2012. Maternal use of SSRIs, SNRIs and NaSSAs: practical

recommendations during pregnancy and lactation. Arch Dis Child Fetal Neonatal Ed

97(6): F472-F476.

39. Sohel, A.J., Shutter, M.C., and Molla, M. 2021. Fluoxetine. In StatPearls [Internet].

Treasure Island, FL: StatPearls Publishing.

40. Sowers, M., Corton, G., Shapiro, B., Jannausch, M.L., Crutchfield, M., Smith, M.L.,

Randolph, J.F., and Hollis, B. 1993. Changes in bone density with lactation. JAMA

269(24): 3130-3135.

41. Stowe, Z.N., Owens, M.J., Landry, J.C., Kilts, C.D., Ely, T., Llewellyn, A., and

Nemeroff, C.B. 1997. Sertraline and desmethylsertraline in human breast milk and

nursing infants. American Journal of Psychiatry 154: 1255-1260.

42. Sylvester, C., Menke, M., and Gopalan, P. 2019. Selective serotonin reuptake inhibitors

and fertility: considerations for couples trying to conceive. Harv Rev Psychiatry 27(2):

108-118.

43. Taddio, A., Ito, S., and Koren, G. 1996. Excretion of fluoxetine and its metabolite,

norfluoxetine, in human breast milk. The Journal of Clinical Pharmacology 36(1): 42-47.

44. Tsapakis, E.M., Gamie, Z., Tran, G.T., Adshead, S., Lampard, A., Mantalaris, A., and

Tsiridis, E. 2012. The adverse skeletal effects of selective serotonin reuptake inhibitors.

European Psychiatry 27(3): 156-169.



45. VanHouten, J.N. and Wysolmerski, J.J. 2003. Low estrogen and high parathyroid

hormone-related peptide levels contribute to accelerated bone resorption and bone loss in

lactating mice. Endocrinology 144(12): 5521-5529.

46. van Rossum, H.H., Spruit, J., Korse, C.M., de Vries, F.E., and Tesselaar, M.E.T. 2020.

Antidepressant use limits serotonin as a marker for neuroendocrine tumor disease activity

by lowering of circulating serotonin concentrations. Clinical Chemistry and Laboratory

Medicine 58(10): e241-e243.

47. Walther, D.J., Peter, J., Bashammakh, S., Hörtnagl, H., Voits, M., Fink, H., and Bader, M.

2003. Synthesis of serotonin by a second tryptophan hydroxylase isoform. Science

299(5603): 76.

48. Weaver, S.R., Fricke, H.P., Xie, C., Aiello, R.J., Charles, J.F., and Hernandez, L.L. 2018.

Peripartum dietary supplementation of a small-molecule inhibitor of tryptophan

hydroxylase 1 compromises infant, but not maternal, bone. American Journal of

Physiology Endocrinology and Metabolism 315: E1133-E1142.

49. Weaver, S.R., Fricke, H.P, Xie, C., Lipinski, R.J., Vezina, C.M., Charles, J.F., and

Hernandez, L.L. 2018. Peripartum fluoxetine reduces maternal trabecular bone after

weaning and elevates mammary gland serotonin and PTHrP. Endocrinology 159(8):

2850-2862.

50. Weaver, S.R. and Hernandez, L.L. 2016. Autocrine-paracrine regulation of the mammary

gland. Journal of Dairy Science 99(1): 842-853.


	StudentMajor: Biology
	MentorName: Laura Hernandez
	MentorDepartment: Animal and Dairy Sciences
	MentorName2: Celeste Sheftel
	MentorDepartment2: Animal and Dairy Sciences
	Year: 2022
	AuthorName: Autumn Bell
	AuthorDepartment: Animal and Dairy Sciences
	ThesisTitle: Peripartal treatment with high-dose sertraline increases the RankL/Opg ratio and leads to negative offspring outcomes


