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Abstract

Background: The neurobiological mechanisms connecting the increased susceptibility to depression to postmenopausal estrogen deple-
tion remain incompletely understood. In this study, we examined the hypothesis that ovariectomy (OVX)-induced depression-like be-
haviors are associated with dysregulation of microglial activation and the disruption of the tryptophan (Trp)-kynurenine (Kyn) metabolic
pathway. We also evaluated whether 17β-estradiol (E2) can reestablish homeostasis within these interconnected systems. Methods:
Adult female C57BL/6 mice were randomly assigned to one of four groups: sham-operated control (Control), OVX, OVX+low-dose
E2 (Low), and OVX+high-dose E2 (High). Depression-like behaviors were assessed using standardized tests, including the sucrose
preference test, forced swimming test, open field test, and tail suspension test. Hippocampal integrity was evaluated using Nissl staining
and quantitative histomorphometry. Transcriptomic profiling was performed on ex vivo-isolated primary microglia obtained from the
Control and OVX groups. Subsequent analyses included quantification of inflammatory cytokines using enzyme-linked immunosorbent
assay (ELISA); assessment of microglial M1 polarization by immunofluorescence staining for inducible nitric oxide synthase (iNOS)
and ionized calcium-binding adapter molecule 1 (Iba1); assessment of nuclear levels of phosphorylated nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) p65 (Ser468) using Western blot; determination of hippocampal microglial levels of Trp, Kyn, and
serotonin (5-HT) using ELISA; and analysis of the key proteins involved in tryptophan and serotonin metabolism, including tryptophan
hydroxylase 2 (TPH2), serotonin transporter (SERT), monoamine oxidase A (MAO-A), and indoleamine 2,3-dioxygenase 1 (IDO1) us-
ing Western blot. Results: OVX mice exhibited significant depression-like behaviors and hippocampal neuronal loss, both of which
were mitigated by E2 supplementation in a dose-dependent manner. Transcriptomic analysis revealed pronounced enrichment of NF-κB
signaling and related inflammatory pathways in microglia from OVX mice. Consistent with these findings, the OVX group showed
elevated levels of tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and interleukin-6 (IL-6) in hippocampal microglia, an
increased proportion of iNOS-positive M1-polarized microglia, increased nuclear phospho-NF-κB p65 (Ser468) abundance, decreased
levels of hippocampal microglial Trp and 5-HT, elevated Kyn, reduced expression of TPH2 and SERT, and upregulated expression of
IDO1 and MAO-A. Conclusions: These results suggest that estrogen deficiency is associated with a coordinated set of changes, in-
cluding depressive behavior, microglia-associated neuroinflammation, and a metabolic shift in Trp catabolism toward the Kyn pathway.
E2 administration restored these parameters, highlighting an integrated view of neuroimmune and metabolic alterations in a model of
post-ovariectomy depression.
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1. Introduction
Depression is a leading cause of disability worldwide,

and women have a significantly higher incidence of depres-
sion during perimenopause [1]. Perimenopause is charac-
terized by a significant decline in endogenous estrogen lev-
els, which is closely linked to the emergence of depres-
sive symptoms. Clinical observations support the thera-
peutic potential of estrogen to alleviate these symptoms,
but its use remains limited due to unresolved risks and dif-
ferences in efficacy [2,3]. A key obstacle to optimizing
treatment is the incomplete understanding of the specific
neural mechanisms through which estrogen deficiency in-

creases susceptibility to depression. Therefore, clarifying
these mechanisms is crucial for developing safer and more
precise neuroendocrine-based intervention strategies.

An increasing body of evidence indicates that neu-
roinflammation is a key mediator in stress-related mental
disorders [4,5]. In the brain, microglia serve as the pri-
mary immune sentinels. Estrogen has well-recognized anti-
inflammatory effects, and its deficiency may prompt mi-
croglia to shift toward a pro-inflammatory state [6]. This
activated phenotype involves the release of cytokines, such
as interleukin-1 beta (IL-1β) and tumor necrosis factor-
alpha (TNF-α), which are typically regulated by the nu-
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clear factor kappa-light-chain-enhancer of activated B cells
(NF-κB) signaling pathway [7]. These inflammatory sig-
nals may disrupt synaptic plasticity and neuronal function,
providing a plausible physiological basis for depressive be-
havior [8,9]. Notably, this pathway represents a specific
target for clinical intervention, linking systemic hormonal
changes to brain pathophysiology.

Inflammation profoundly affects brain metabolism,
particularly the metabolic fate of the essential amino acid
tryptophan (Trp) [10,11]. Under inflammatory condi-
tions, the indoleamine 2,3-dioxygenase 1 (IDO1) enzyme
is induced and activated, diverting Trp metabolism away
from the pathway that synthesizes serotonin (5-HT), a
key monoamine involved in mood regulation, toward the
kynurenine (Kyn) pathway [12,13]. This shift not only re-
duces the availability of 5-HT butmay also increase the pro-
duction of neuroactive Kyn metabolites with potential neu-
rotoxic effects. Thus, inflammation-driven Trp metabolic
dysregulation establishes a direct metabolic link between
immune activation and the neurochemical alterations ob-
served in depression. Based on these observations, an in-
tegrative hypothesis has emerged: the clinical phenomenon
of postmenopausal depression may partly result from a co-
ordinated sequence in which estrogen deficiency prompts
microglial activation and NF-κB-mediated neuroinflam-
mation; this inflammatory environment then upregulates
IDO1, shifting Trp metabolism from 5-HT production to-
ward the Kyn pathway. The combined effect of intensi-
fied inflammation and a monoamine/precursor metabolic
disorder may jointly drive the depressive pathological pro-
cess. However, direct experimental evidence confirming
the mechanism of this multi-system interaction in estrogen-
deficiency models is currently lacking.

To fill this gap and provide a reference for trans-
lational medical research, a preclinical model of surgical
menopause was established through ovariectomy (OVX).
It was hypothesized that OVX-induced depressive-like be-
haviors would be associated with two factors: the par-
allel exacerbation of microglia-driven neuroinflammation
and the shift of hippocampal Trp metabolism towards
pathogenicity. Additionally, it was speculated that estro-
gen replacement therapy with 17β-estradiol (E2) would re-
store these indicators to normal. This study integrated
behavioral analysis, histological assessment, microglial
transcriptomics, and the evaluation of inflammatory and
metabolic pathways. It aimed to depict an interrelated
neuroimmune-metabolic mechanism, thereby clarifying the
underlying pathophysiological processes in estrogen defi-
ciency and highlighting potential targets for future thera-
peutic research.

2. Methods
2.1 Animals and Ethics

Adult female C57BL/6 mice (10–12 weeks of age)
were obtained from Gempharmatech (Nanjing, Jiangsu,

China). The animals were group-housed (4–5 per cage) un-
der controlled environmental conditions, including a 12-h
light/dark cycle (lights on at 7:00 AM), a constant ambi-
ent temperature (22 ± 1 °C), and 40–60% relative humid-
ity. Standard rodent chow and tap water were available ad
libitum. All mice were acclimatized to the housing facility
for at least 1 week before any experimental procedures.

2.2 Experimental Groups and Surgical Procedure

Following acclimatization, mice were randomly as-
signed to one of four experimental groups: (1) Sham-
operated control (Control), (2) the OVX group, (3) OVX
with low-dose E2 replacement (OVX+Low E2), and (4)
OVX with high-dose E2 replacement (OVX+High E2). Bi-
lateral ovariectomy was performed under isoflurane anes-
thesia (3–4% for induction and 1.5–2% for maintenance;
MedChemExpress, Monmouth Junction, NJ, USA; Cat.
No. HY-A0134), following a previously described pro-
cedure [14] with minor modifications. A dorsal midline
incision was made, the ovarian bursa was identified, and
the ovaries were excised after ligation of the oviduct. The
muscle layer and skin were then sutured. Sham-operated
mice underwent an identical procedure in which the ovaries
were exteriorized but not removed. Postoperative analgesia
was provided via subcutaneous injection of carprofen (HY-
B1227, MedChemExpress) (5 mg/kg) for 48 h. Mice were
monitored daily for signs of pain or distress during a stan-
dard four-week postoperative recovery period to establish a
stable hypoestrogenic state.

2.3 Estradiol Treatment Regimen

E2 replacement therapy began four weeks after
surgery. E2 (Sigma-Aldrich, St. Louis, MO, USA, E8875)
was dissolved in a sterile corn oil (HY-Y1888, Med-
ChemExpress) vehicle. Mice in the OVX+Low E2 and
OVX+High E2 groups received daily subcutaneous injec-
tions of E2 at doses of 1.0 µg/mouse/day and 5.0 µg/-
mouse/day, respectively, for four consecutive weeks. Con-
trol and OVX groups received daily injections of an equiv-
alent volume of corn oil vehicle. The efficacy of the OVX
procedure and E2 replacement was biochemically validated
at the study endpoint by quantifying serum E2 levels us-
ing a commercially available mouse E2 enzyme-linked im-
munosorbent assay (ELISA) kit (Mouse Estradiol ELISA
Kit, Abcam, Cambridge, UK, ab108667). Dose selection
was based on preliminary experiments and prior literature
[14]: the low dose (1.0 μg/mouse/day) was chosen to bring
serum estradiol levels into the physiological range of in-
tact female mice, mimicking low-dose estrogen replace-
ment therapy in perimenopausal women; the high dose (5.0
μg/mouse/day) was selected to produce supraphysiological
levels, corresponding to the upper range of clinical hormone
replacement therapy. These two doses allow us to explore
physiological replacement and potential dose-dependent ef-
fects, aiding translational links to human studies with dif-
ferent dosing regimens.
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2.4 Behavioral Phenotyping

Depression-like behaviors were assessed through a
series of standardized tests during the final experimental
phase. All behavioral evaluations were performed during
the light cycle by an investigator blinded to group alloca-
tion, with at least 48 h between successive tests.

The sucrose preference test was conducted to evaluate
anhedonia [15]. Mice were acclimated for over 24 h to two
bottles containing a 1% sucrose solution. Following a 24-h
water deprivation period, each animal was given free access
to one bottle of 1% sucrose solution and one bottle of plain
water for a 12 h test period. To control for side preference,
bottle positions were alternated at the 6-h mark. Sucrose
preference was determined by calculating the percentage of
sucrose consumption relative to total fluid intake.

The tail suspension test was employed to measure be-
havioral despair [16]. After an adaptation period, each
mouse was suspended by the tail 30 cm above the floor for
a total of 6 min. Immobility duration was recorded during
the final 4 min of the test.

The forced swimming test was performed to assess
depressive-like immobility further [17]. Mice were accli-
mated to swimming one day before testing. Twenty-four h
later, each animal was placed in a transparent cylinder (25
cm in height, 15 cm in diameter) filled with water (23–25
°C) andmonitored for 5min. Immobility timewas recorded
throughout the 5-min session.

The open field test was performed to assess ex-
ploratory activity [18]. After a period of acclimation to the
testing room, each mouse was placed in a square open-field
arena (1 × 1 m) and allowed to explore freely for 4 min.
Rearing frequency, defined as the number of times the an-
imal stood upright on its hind legs, was manually recorded
throughout the entire 4 min observation period.

Twenty-four h after the final behavioral test, mice
were administered an overdose of sodium pentobarbital
(150 mg/kg, P3761, Sigma-Aldrich). Blood samples were
obtained via cardiac puncture for serum separation. The
brain was swiftly extracted and hemisected on an ice-cold
dissection platform. The left hemisphere was immersion-
fixed in 4% paraformaldehyde (P6148, Sigma-Aldrich) in
0.1 M phosphate buffer (pH 7.4) for 48 h at 4 °C to enable
subsequent histological analysis. The right-hemisphere
hippocampus was micro-dissected, flash-frozen in liquid
nitrogen, and stored at –80 °C for molecular analysis.

2.5 Histological and Morphometric Analysis

Both hematoxylin and eosin (H&E) and Nissl staining
were performed on paraffin-embedded coronal brain sec-
tions to assess neuronal integrity in the hippocampal Cornu
Ammonis area 3 (CA3) subfield. For H&E staining, sec-
tions were dewaxed, stained, examined, and imaged using
a light microscope (Nikon 90i, Nikon, Tokyo, Japan). Py-
knotic nuclei in the CA3 region were quantified. For Nissl
staining, sections were stained with cresyl violet (C5042,

Sigma-Aldrich), and damaged neurons in the CA3 region
were counted. All histological analyses were blinded.

2.6 Primary Microglial Isolation and Transcriptomic
Profiling

Primary microglia were isolated from the hippocampi
of separate cohorts of Control and OVX mice that were not
subjected to behavioral testing, using a protocol adapted
from previous reports [19,20] with modifications. Briefly,
mice were deeply anesthetized with sodium pentobarbi-
tal (50 mg/kg, i.p.) and transcardially perfused with ice-
cold phosphate-buffered saline (PBS) to remove blood
cells. The hippocampi were rapidly dissected and minced
with sterile scalpel blades. The minced tissue was en-
zymatically dissociated in Hanks’ Balanced Salt Solution
(HBSS; Gibco, Grand Island, NY, USA, 14175095) con-
taining papain (2 mg/mL; Worthington, Lakewood, NJ,
USA, LS003126) andDNase I (0.5 mg/mL; Sigma-Aldrich,
D5025) for 30 min at 37 °C with gentle agitation. Diges-
tion was terminated by adding an equal volume of HBSS
supplemented with 10% fetal bovine serum (FBS; Gibco,
16000044). The suspension was mechanically triturated
using fire-polished Pasteur pipettes with decreasing open-
ing diameters (approximately 1.0 mm, 0.6 mm, and 0.3
mm) to triturate the tissue, then passed through a 70-μm
cell strainer (Corning Incorporated, Corning, NY, USA,
352350) to obtain a single-cell suspension. The filtrate was
centrifuged at 300 ×g for 10 min at 4 °C, and the pellet was
resuspended in 30% Percoll (GE Healthcare, Chicago, IL,
USA, 17-0891-01) prepared in PBS. This suspension was
carefully layered onto a 70% Percoll cushion in a 15-mL
centrifuge tube. Density gradient centrifugation was per-
formed at 900 ×g for 30 min at 4 °C with the brake turned
off to maintain gradient integrity. The 30/70% discontin-
uous gradient was chosen because it effectively separates
microglia (which accumulate at the 30/70 interface) from
myelin debris and other cell types, providing a balance be-
tween yield and enrichment without the need for more com-
plex multi-step gradients. The microglia-enriched interface
was collected, washed twice with PBS, and pelleted at 300
×g for 10 min. No antibody-based purification was per-
formed; therefore, the collected cells represent a microglia-
enriched population rather than purified microglia. Cell vi-
ability was assessed by trypan blue exclusion and consis-
tently exceeded 90%. Purity was routinely estimated by
cytospin preparation followed by immunostaining for ion-
ized calcium-binding adapter molecule 1 (Iba1), which typ-
ically showed >80% Iba1+ cells. The isolated cells were
validated by morphological assessment and Iba1 immunos-
taining, and tested negative for mycoplasma contamination.
The isolated microglia were used immediately for RNA ex-
traction, ELISA, and Western blot analyses.

Total RNA was extracted using the RNeasy Plus
Mini Kit (Qiagen, Hilden, Germany, 74134) according to
the manufacturer’s instructions. RNA integrity was veri-
fied with an Agilent 2100 Bioanalyzer (Agilent Technolo-
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gies, Santa Clara, CA, USA, G2939BA) using RNA 6000
Nano chips (5067-1511; Agilent Technologies); all sam-
ples had RNA Integrity Number (RIN) >8.0. Stranded
mRNA libraries were prepared using the NEBNext Ul-
tra II Directional RNA Library Prep Kit (NEB, Ipswich,
MA, USA, E7760L) and sequenced on an Illumina No-
vaSeq 6000 platform (Illumina, San Diego, CA, USA,
20012850) with paired-end 150 bp reads. Raw reads were
quality-controlled with FastQC (v0.11.9, Babraham Bioin-
formatics, Cambridge, UK), aligned to the mouse reference
genome GRCm39 using STAR (v2.7.10a, Cold Spring Har-
bor Laboratory, Cold Spring Harbor, NY, USA), and gene-
level counts were quantified with featureCounts (v2.0.3,
WEHI, Melbourne, VIC, Australia). Differential expres-
sion analysis was performed with DESeq2 (v1.38.3, Bio-
conductor, Seattle, WA, USA) in R (v4.2.1, R Foundation
for Statistical Computing, Vienna, Austria). Gene Set En-
richment Analysis (GSEA, v4.3.2, Broad Institute, Cam-
bridge, MA, USA) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment were carried out us-
ing clusterProfiler (v4.6.0, The University of Hong Kong,
Hong Kong, China) to identify significantly altered biolog-
ical processes.

2.7 Immunofluorescence Staining

To assess microglial morphology and activation sta-
tus, free-floating coronal brain sections (30 µm thick) were
blocked, permeabilized, and then incubated overnight at 4
°C with primary antibodies: rabbit anti-Iba1 (1:500, Wako,
Osaka, Japan, 019-19741, RRID: AB_839504) and mouse
anti-inducible nitric oxide synthase (iNOS, 1:200, Santa
Cruz, Dallas, TX, USA, sc-7271, RRID: AB_2891105).
After washing, the sections were incubated with suitable
fluorescent secondary antibodies (Alexa Fluor 488 and
594, 1:500, Invitrogen, Carlsbad, CA, USA) for two h
at room temperature. Nuclei were counterstained with
4′,6-Diamidino-2-phenylindole (DAPI) (124653, Sigma-
Aldrich). Z-stack images were acquired using a laser scan-
ning confocal microscope (Zeiss, LSM 880). For quali-
tative morphological assessment, Iba1+ cells were catego-
rized into three phenotypes: ramified (small somawith thin,
long, highly branched processes), activated (enlarged soma
with shorter, thicker processes), and amoeboid (round soma
with few or no processes). The number of Iba1+ cells and
the proportion exhibiting iNOS co-localization (M1-like
phenotype) within the hippocampal formation were quan-
tified.

2.8 Enzyme-Linked Immunosorbent Assay (ELISA)

Primarymicroglia, isolated as described in section 2.6,
were lysed in cold PBS supplemented with a protease in-
hibitor cocktail. Homogenates were centrifuged, and the
supernatant was collected for analysis. Concentrations of
pro-inflammatory cytokines (IL-1β, TNF-α, interleukin-
6 [IL-6]) and key metabolites of the Trp pathway (Trp,

Kyn, 5-HT, 5-Hydroxyindoleacetic acid) were measured
utilizing specific, commercially available mouse ELISA
kits according to the manufacturer’s protocol. All sam-
ples were run in duplicate, and absorbance was read on
a microplate reader (VLBL00D0, Thermo Fisher Scien-
tific). The ELISA kits used in this part of the experi-
ment are listed as follows: Mouse TNF-α ELISA Kit (R&D
Systems, Minneapolis, MN, USA, MTA00B); Mouse IL-
1β ELISA Kit (R&D Systems, MLB00C); Mouse IL-6
ELISA Kit (R&D Systems, M6000B). Mouse Trp ELISA
kit (Assay Genie, Dublin, Ireland, AEKE03090), Mouse
KYN ELISA kit (Assay Genie, MOFI01315), Mouse Sero-
tonin (5-HT) ELISA kit (Cusabio, Wuhan, Hubei, China,
CSB-E08365m), and 5-hydroxyindoleacetic acid (5-HIAA)
ELISA kit (Shanghai Jianglai Biotechnology Co., Ltd.,
Shanghai, China, JL54683).

2.9 Western Blot Analysis

Primary microglia pellets were lysed in radioimmuno-
precipitation assay (RIPA) lysis buffer (89900, Thermo
Fisher Scientific). For the analysis of nuclear phospho-
NF-κB p65 (Ser468) abundance, nuclear and cytoplasmic
proteins were extracted using a commercial kit (78833,
Thermo Fisher Scientific). Protein concentrations were
determined by bicinchoninic acid (BCA) assay. Equal
amounts of protein (20–40 µg) were separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene fluoride (PVDF)
membranes (IPVH00010, Millipore). After blocking,
membranes were probed overnight at 4 °C with the fol-
lowing primary antibodies: rabbit anti-phospho-NF-κB
p65 (Ser468) (1:1000, Cell Signaling Technology, Bev-
erly, MA, USA, 3039S, RRID: AB_330579), rabbit anti-
tryptophan hydroxylase 2 (TPH2, 1:1000, Cell Signal-
ing Technology, 51124, RRID: AB_2799385), rabbit anti-
serotonin transporter (SERT, 1:1000, Abcam, AB102048),
rabbit anti-monoamine oxidase A (MAO-A, 1:1000, Ab-
cam, AB126751), and rabbit anti-IDO1 (1:800, Abcam,
AB311847). Rabbit monoclonal anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, 1:5000, Abcam,
ab181602) and rabbit anti-TATA-binding protein (1:5000,
Huabio, Hangzhou, Zhejiang, China, HA500518) were em-
ployed as loading controls for cytoplasmic and nuclear frac-
tions, respectively. Membranes were then incubated with
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (Proteintech, SA00001-2; Thermo Fisher Scientific,
M32407) and visualized using an enhanced chemilumines-
cence substrate. Band intensities were quantified using Im-
age Lab software (version: 6.1, Bio-Rad, Hercules, CA,
USA) and normalized to their respective loading controls.

2.10 Statistical Analysis

All quantitative data are presented as the mean ± stan-
dard error of the mean (SEM). Statistical analyses were
performed using SPSS software (Version 22.0, Armonk,

4

https://www.imrpress.com


Fig. 1. Effect of OVX and estradiol treatment on depression-like behavior (n = 6 per group for panel A; n = 10 per group for
panels B–E). (A) Serum E2 concentrations measured by ELISA. (B) Sucrose preference test. (C) Open field test rearing counts. (D)
Immobility time in the forced swimming test. (E) Immobility time in the tail suspension test. ns, not significant, *p < 0.05, **p < 0.01,
***p < 0.001. OVX, ovariectomy; ELISA, enzyme-linked immunosorbent assay; E2, 17β-estradiol.

NY, USA). For comparisons among the four experimental
groups, one-way analysis of variance was used, followed by
Tukey’s post hoc test for multiple comparisons. A p-value
of less than 0.05 was assumed statistically significant for all
tests.

3. Results
3.1 Ovariectomy Aggravates and Estradiol Rescues
Depressive-Like Phenotypes

Depressive-like behaviors were assessed through a
comprehensive battery of tests. OVX significantly de-
creased circulating estrogen levels (ELISA, p < 0.001, Fig.
1A) and induced a depressive phenotype, characterized by
reduction in sucrose preference (p < 0.001, Fig. 1B), dimin-
ished locomotor activity in the open field test (p < 0.001,
Fig. 1C), and increased immobility time in both the forced
swim (p < 0.001, Fig. 1D) and the tail suspension tests (p <
0.001, Fig. 1E) compared to controls subjects. Notably, E2

treatment in a dose-dependent manner reversed these be-
havioral impairments. When compared to the OVX group,
E2 administration enhanced sucrose preference (p = 0.003;
Fig. 1B), while the low dose showed no significant change
(p = 0.117), improved exploratory behavior in the open field
(Low: p = 0.021; High: p = 0.002; Fig. 1C) and reduced
immobility duration in the forced swim (Low: p = 0.011;
High: p < 0.001; Fig. 1D) and tail suspension tests (Low:
p = 0.033; High: p < 0.001; Fig. 1E). These findings sug-
gest that OVX is associated with depressive-like behaviors,
which are alleviated by E2 in a dose-dependent manner.

3.2 Ovariectomy Aggravates and Estradiol Rescues
Hippocampal Pathological Changes

Histopathological alterations in the hippocampuswere
assessed using H&E (Fig. 2A) and Nissl staining (Fig.
2C). Compared to the Control group, both H&E (p <
0.001, Fig. 2B) and Nissl staining (p < 0.001, Fig. 2D)
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Fig. 2. Effects of OVX and estradiol treatment on Hippocampal pathological changes (n = 6). (A) Representative Hematoxylin and
Eosin staining in the CA3 subfield of the hippocampus. (B) Bar graph showing the number of pyknotic cells. (C) Representative Nissl
staining in the CA3 subfield of the hippocampus. (D) Bar graph showing the number of damaged neurons. *p < 0.05, **p < 0.01, ***p
< 0.001. Scale bar = 20 μm. CA3, Cornu Ammonis area 3.

marked hippocampal damage in the OVX group, character-
ized by increased pyknotic nuclei and increased numbers
of damaged neurons in Nissl-stained sections. Notably,
E2 treatment ameliorated these OVX-induced changes in
a concentration-dependent manner. Relative to the OVX
group, increasing the E2 concentrations progressively at-
tenuated neuronal damage, as evidenced by the signifi-
cantly decreased numbers of pyknotic nuclei (Low: p <
0.001; High: p < 0.001; Fig. 2B) and damaged neu-
rons in Nissl-stained sections (Low: p = 0.018; High:
p = 0.004; Fig. 2D). These findings suggest that OVX
induces pathological hippocampal alterations, while E2
replacement concentration-dependently ameliorates OVX-
mediated hippocampal damage.

3.3 Transcriptional Analysis of Primary Microglia From
OVX Mice

To explore the molecular basis underlying the effects
of ovariectomy on microglia, we performed transcriptomic
profiling of primarymicroglia isolated fromOVX andwild-
type (WT) mice. Principal component analysis revealed a
clear separation between the two groups (Fig. 3A), indicat-
ing that OVX induced a distinct transcriptional reprogram-
ming. The heatmap further demonstrated widespread alter-
ations in gene expression, with large clusters of genes being
consistently up- or down-regulated in OVXmicroglia com-
pared with controls (Fig. 3B). Gene Ontology (GO) enrich-
ment analysis across the three categories (biological pro-
cess, cellular component, and molecular function) showed
that the differentially expressed genes were significantly
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Fig. 3. Transcriptomic analysis of primary microglia from OVX and WT mice (n = 3). (A) PCA analysis. (B) Heatmap analysis
of differentially expressed genes. (C) GO enrichment analysis for BP, CC, and MF. (D) KEGG pathway analysis. (E) GSEA for NF-κB
pathway. WT, wild-type; PCA, principal component analysis; GO, Gene Ontology; BP, biological process; CC, cellular component; MF,
molecular function; NES, normalized enrichment score; FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Genomes;
GSEA, Gene Set Enrichment Analysis; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; ES, enrichment score.

associated with immune response, inflammatory signaling,
and metabolic regulation (Fig. 3C). KEGG pathway anal-
ysis identified multiple inflammation-related pathways that
were altered by OVX, including the canonical NF-κB sig-
naling pathway, the TNF signaling pathway, and the IL-17
signaling pathway (Fig. 3D). Consistent with these find-
ings, GSEA indicated that the NF-κB signaling pathway
was significantly activated in OVX microglia compared
with WT controls (Fig. 3E). Collectively, these transcrip-
tomic data suggest that ovariectomy drives a coordinated
pro-inflammatory and metabolically shifted phenotype in
microglia.

3.4 Estradiol Alleviates OVX-Induced Microglial
Inflammation

To further characterize microglial status, we qualita-
tively assessed Iba1+ cell morphology in the hippocampal

CA3 region (Fig. 4A). In the representative Control im-
ages, Iba1+ cells exhibited a ramified morphology, charac-
terized by a small cell body and fine, extensively branched
processes. The representative OVX images showed acti-
vated morphological features, including enlarged cell bod-
ies and retracted processes. Sequencing data indicated that
OVX led to significant changes in inflammatory signal-
ing within microglia. Immunofluorescence staining (Fig.
4A) confirmed that OVX promoted pro-inflammatory M1
polarization of microglia (p < 0.001, Fig. 4B), while E2
treatment attenuated M1 polarization in a concentration-
dependent manner (Low: p = 0.022; High: p = 0.006;
Fig. 4B). Furthermore, E2 treatment significantly reduced
OVX-induced release of the pro-inflammatory cytokines
TNF-α (Low: p = 0.008; High: p < 0.001; Fig. 4C), IL-
1β (Low: p = 0.004; High: p < 0.001; Fig. 4C) and IL-
6 (Low: p = 0.031; High: p < 0.001; Fig. 4C). Western
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Fig. 4. Effects of OVX and estradiol treatment onmicroglial inflammation. (A) Representative immunofluorescence images showing
microglial M1 polarization markers in the hippocampus. Green fluorescence indicates microglia, and red fluorescence indicates iNOS.
Scale bar = 20 μm. (B) Quantitative analysis of M1-polarized microglia, expressed as a percentage of total microglia (n = 6). (C) Levels
of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in primary microglia (n = 6). (D) Western blot analysis of nuclear phospho-NF-
κB p65 (Ser468) abundance in primary microglia. Nuclear phospho-NF-κB p65 (Ser468) abundance was normalized to TATA-binding
protein. (E) Bar graph depicting band intensities of nuclear phospho-NF-κB p65 (Ser468) (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
#p < 0.05, ##p < 0.01, ###p < 0.001 compared to the OVX group. M1, M1 phenotype; iNOS, inducible nitric oxide synthase; TNF-α,
tumor necrosis factor-alpha; IL-1β, interleukin-1 beta; IL-6, interleukin-6; TBP, TATA‑binding protein.

blot analysis (Fig. 4D, the original Western blot images
are available in the SupplementaryMaterial-WB) showed
that, compared to the Control group, OVX significantly in-

creased nuclear phospho-NF-κB p65 (Ser468) abundance,
which was markedly suppressed by E2 treatment (Low: p =
0.031; High: p = 0.005; Fig. 4D,E). These results suggest
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Fig. 5. Effects of OVX and E2 treatment on tryptophan (Trp) and kynurenine (Kyn) levels in primary microglia (n = 6). (A) Trp
levels. (B) Abundance of Kyn levels. (C) Abundance of 5-HT levels. (D) Abundance of 5-HIAA levels. *p < 0.05, **p < 0.01, ***p <
0.001. 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, serotonin.

that OVX promotes inflammatory signaling in microglia,
whereas E2 treatment significantly improves the microglial
inflammatory microenvironment.

3.5 Effects of Ovariectomy and Estradiol Treatment on
Hippocampal Microglial Tryptophan, Kynurenine, and
Monoamine Levels

Further, the levels of Trp, Kyn, andmonoamine neuro-
transmitters were measured by ELISA in the hippocampal
microglia of each group. Compared to the Control group,
the OVX group exhibited a significant decrease in hip-
pocampal Trp levels (p < 0.001, Fig. 5A). Conversely, E2
treatment promoted Trp levels in a concentration-dependent
manner (Low: p = 0.008; High: p = 0.003; Fig. 5A). The
OVX group also showed significant increase in Kyn levels
(p < 0.001, Fig. 5B), an effect that was dose-dependently
reversed by E2 (Low: p = 0.007; High: p < 0.001; Fig.
5B). Additionally, the levels of the monoamine neurotrans-
mitter 5-HT (p < 0.001, Fig. 5C) and its metabolite 5-

hydroxyindoleacetic acid (5-HIAA, p < 0.001, Fig. 5D)
were significantly reduced in the OVX group, while E2
administration concentration-dependently elevated both 5-
HT (Low: p = 0.033; High: p = 0.021; Fig. 5C) and 5-
HIAA levels (Low: p = 0.007; High: p = 0.005; Fig. 5D).
These data indicate that OVX induces an imbalance in the
Trp/Kyn pathway, which is reversed by E2 treatment.

3.6 Estradiol Replacement Reverses Ovariectomy-Induced
Dysregulation of Proteins Involved in Tryptophan and
Serotonin Metabolism in Microglia

We next examined the expression of proteins involved
in tryptophan and serotonin metabolism using primary mi-
croglial lysates by Western blot. TPH2 participates in 5-
HT synthesis, SERT mediates 5-HT reuptake, and MAO-A
participates in 5-HT degradation. IDO1 catalyzes the first
step of tryptophan degradation along the kynurenine path-
way. Western blot analysis (Fig. 6A) confirmed that E2 re-
placement significantly suppressed the OVX-induced over-
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Fig. 6. Estradiol replacement reverses OVX-induced dysregulation of proteins involved in tryptophan and serotonin metabolism
in microglia (n = 3). (A) Representative immunoblots showing protein levels of MAO-A and IDO1 in microglia from different treatment
groups. (B,C) Densitometric quantification of MAO-A and IDO1. (D) Representative immunoblots showing protein levels of TPH2 and
SERT. (E,F) Densitometric quantification of TPH2 and SERT. *p < 0.05, **p < 0.01, ***p < 0.001. MAO-A, monoamine oxidase
A; IDO1, indoleamine 2,3-dioxygenase 1; TPH2, tryptophan hydroxylase 2; SERT, serotonin transporter; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

expression of MAO-A in microglia (Low: p = 0.027; High:
p = 0.0038; Fig. 6B) and IDO1 (Low: p = 0.006; High:
p = 0.004; Fig. 6C). In contrast, E2 markedly reversed
the OVX-mediated under expression of TPH2 in microglia
(Low: p < 0.001; High: p < 0.001; Fig. 6E) and SERT
(Low: p = 0.029; High: p = 0.0041; Fig. 6D,F, the orig-
inal Western blot images are available in the Supplemen-
tary Material-WB). These data indicate that OVX leads to
aberrant expression of proteins involved in tryptophan and
serotoninmetabolism and that E2 treatment significantly re-
verses this effect.

4. Discussion
This study describes a clear sequence of events: the

loss of estrogen due to ovariectomy triggers two related
problems in the hippocampus: microglia-mediated inflam-
mation and disruptions in Trp metabolism. Collectively,
these alterations lead to depressive-like behaviors. The
reintroduction of E2 reversed all these effects in a dose-
dependent manner. This not only confirms the essential role
of estrogen in mood regulation but also introduces a novel
perspective on postmenopausal depression, not merely con-
ceptualizing it as hormone deficiency but as a condition
where the immune system and metabolic processes cease to

function synergistically. Such a conceptual paradigm shift
matters because it implies that therapeutic strategies should
extend beyond hormone replacement therapy, particularly
toward interventions that directly address the underlying bi-
ological process.

The results reported here add to the existing body of
knowledge regarding the relationship between inflamma-
tion and depression. Numerous studies have shown that
depression is associated with heightened inflammatory sig-
naling and microglial activation, typically in response to
stress or in genetic models [21,22]. In this study, re-
moving a single factor (estrogen) was sufficient to induce
these processes in the hippocampus. This finding directly
links a well-characterized physiological condition (low es-
trogen levels) to a specific, reproducible immune alteration
in the brain [23,24]. This hypothesis is further supported
by evidence that anti-inflammatory drugs, such as minocy-
cline, can ameliorate depressive-like behavior in both an-
imal models and preliminary human trials, reinforcing the
proposed roles of glial cells in mood disorders [25,26].

The novelty of this investigation lies in examining
downstream events triggered by estrogen loss that drive
inflammation. Previous studies have linked Kyn pathway
dysfunction to depression; these studies have primarily fo-
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cused on inflammation elsewhere in the body or on changes
in individual enzymes [27,28,29]. In this study, the entire
system was analyzed, revealing a coordinated pattern. Fol-
lowing estrogen deficiency, TPH2 and SERT protein lev-
els decrease, whereas MAO-A and IDO1 protein levels in-
crease. This suggests that inflammation actively reroutes
Trp utilization rather than merely causing depletion of 5-
HT or altering a single enzyme. Importantly, while it is es-
tablished that inflammation can upregulate IDO1, the data
presented herein indicate that concurrently, the brain’s ca-
pacity to produce 5-HT is also suppressed. These dual ef-
fects likely result in reduced availability of 5-HT where it
is most needed, while simultaneously facilitating the accu-
mulation of neurotoxic kynurenine metabolites.

Collectively, these immune and metabolic alterations
create a cycle that may help explain human depression. Es-
trogen loss disrupts normal balance, activates microglia,
and shifts Trp metabolism toward pathways that pro-
duce toxic byproducts, such as quinolinic acid and 3-
hydroxykynurenine, which may, in turn, stress neurons and
maintain microglial activation [30,31]. Breaking this cy-
cle may offer a viable treatment strategy, particularly for
individuals with treatment-resistant depression, who often
show signs of low-level inflammation [32,33]. The re-
sults reported here suggest that E2 helps not only by act-
ing through classic hormone receptor signaling but also
by modulating microglial activity and restoring normal en-
zyme balance in the Trp-Kyn pathway.

From a clinical perspective, these findings support a
framework for understanding depression in the context of
menopause. They provide a rationale for considering hor-
mone therapy not solely for the management of symptoms
such as hot flashes, but as an early intervention to pre-
vent or mitigate depressive symptoms in perimenopausal
and early postmenopausal women, particularly those ex-
hibiting evidence of increased inflammation. For women
who are unable to take estrogen, alternative options in-
clude drugs that modulate microglial activity, IDO1 in-
hibitors that cross the blood-brain barrier, or safe MAO-
A level modulators. Additionally, the protein expression
profile characterized by reduced TPH2 and SERT levels
alongside elevated IDO1 and MAO-A could serve as a
biomarker for an inflammatory-metabolic subtype of de-
pression, thereby enabling more precise, biologically in-
formed treatment strategies.

Limitations

Nevertheless, some limitations should be noted.
The data demonstrate strong correlations and clear dose-
response effects, but demonstrating causal relationships re-
quires further study, for example, using cell-specific gene
knockouts (such as removing IDO1 only in microglia) or
locally blocking these pathways in OVX models. Further-
more, these findings require confirmation in humans, ide-
ally through studies that combine brain imaging of inflam-

mation (e.g., translocator protein positron emission tomog-
raphy [TSPO-PET]), measurements of Trp metabolites in
blood or spinal fluid, and enzyme levels in tissue from de-
pressed postmenopausal women. Although our transcrip-
tomic, ELISA, and Western blot data were all obtained
from isolated primary microglia, providing cell-specific ev-
idence, we cannot rule out the possibility that other cell
types (e.g., neurons or astrocytes) may also contribute to the
observed hippocampal phenotype in vivo. The process of
microglial isolation inevitably removes them from their na-
tive multicellular environment, and paracrine interactions
with other cells are lost. Future studies using in situ tech-
niques such as single-cell RNA sequencing or spatial tran-
scriptomics would help delineate the relative contributions
of different cell types. Finally, while our in vivo findings
are robust, we did not perform direct in vitro studies to con-
firm the cell-autonomous effects of estradiol on microglia.
Given the well-established role of estrogen in brain func-
tion, future studies employing primary microglial cultures
or BV-2 cells treated with E2 are warranted to provide more
precise mechanistic insights. We intend to address this lim-
itation in future research.

5. Conclusions

In summary, this study demonstrates how estrogen
loss contributes to depression. It activates microglia in
the hippocampus and shifts Trp metabolism toward path-
ways that produce neurotoxic byproducts. These findings
help extend the current understanding of postmenopausal
depression beyond a simple state of hormone deficiency,
suggesting instead that it may arise from dysregulated
crosstalk among the endocrine, immune, andmetabolic sys-
tems. By integrating these traditionally distinct areas, the
present study identifies novel therapeutic targets and po-
tential biomarkers for postmenopausal depression. Further-
more, it supports the development of more personalized
biologically informed strategies for depression associated
with aging, menopause, and other conditions characterized
by chronic estrogen deficiency.
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