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Highlights

e Current antidepressants showed delayed onset and limited therapeutic efficacy.

¢ Albiflorin produces antidepressant-like effects in three models of depression.

e The effects of albiflorin are associated with phospholipid and tryptophan metabolism.
¢ Albiflorin inhibits cPLA2 in hippocampal phospholipid metabolism.

e Albiflorin corrects tryptophan metabolism via the cPLA2- Akt1-IDO1 regulatory loop.
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Abstract

Background: Current antidepressant therapy remains unsatisfactory due to its delayed clinical
onset of action and the heterogeneity of depression. Targeting disturbed neurometabolic
pathways could provide a novel therapeutic approach for the treatment of depression. Albiflorin
is a phytomedicine isolated from the roots of Peony (Paeonia albiflora Pall) with excellent
clinical tolerance. Until now, the antidepressant-like activities of albiflorin in different subtypes of

depression and its effects on neurometabolism are unknown.

Purpose: The objective of this study was to investigate the rapid antidepressant-like effects of
albiflorin in three common animal models of depression and elucidate the pharmaco-metabolic
mechanisms of its action using a multi-omics approach.

Results: We found that albiflorin produces rapid antidepressant-like effects in chronic
unpredictable mild stress (CUMS), olfactory bulbectomy (OBX), and lipopolysaccharide (LPS)-
induced murine models of depression. Using a system-wide approach combining metabolomics,

lipidomics, and transcriptomics, we showed that the therapeutic effects of albiflorin are highly
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associated with the rapid restoration of a set of common metabolic abnormities in the
hippocampus across all three depression models, including phospholipid and tryptophan
metabolism. Further mechanistic analysis revealed that albiflorin normalized the metabolic
dysregulation in phospholipid metabolism by suppressing hippocampal cytosolic
phospholipases A2 (cPLA2). Additionally, inhibition of cPLA2 overexpression by albiflorin
corrects abnormal kynurenine pathway of tryptophan metabolism via the cPLA2-protein kinase
B (Aktl)-indoleamine 2,3-dioxygenase 1(IDO1) regulatory loop and directs tryptophan
catabolism towards more hippocampal serotonin biosynthesis.

Conclusion: Our study contributed to a better understanding of the homogeneity in the metabolic
mechanisms of depression and established a proof-of-concept for rapid treatment of depression
through targeting dysregulated neurometabolic pathways.

Keywords: Antidepressant-like effects; Albiflorin; Hippocampus; Neurometabolism

Abbreviations

3-HK, 3-hydroxykynurenine; AEA, Anandamide; Akt1B, Protein kinase B; Alb, Albiflorin; BBB,
Blood-brain-barrier; BDNF, Brain-derived neurotrophic factor; Cer, Ceramide; COX-2,
Cyclooxygenase-2; cPLA2, Cytosolic phospholipases A2; CUMS, Chronic unpredictable mild
stress; DEGs, Differentially expressed genes; ETV4, ETS translocation variant 4; FIx, Fluoxetine
hydrochloride; GSK, Glycogen synthase kinase 3 ; I.G., Intragastric gavage; IDO1, Indoleamine
2,3-dioxygenase 1; Imh, Imipramine hydrochloride; Kyn, Kynurenine; LC-MS/MS, Liquid
chromatography with tandem mass spectrometry; LOOCV, Leave-one-out cross-validation; LPS,
Lipopolysaccharide; MDD, Major depressive disorder ; MRM, Multiple reaction monitoring;
MWAS, Metabolome-wide association study; NAPE-PLD, N-acyl phosphatidylethanolamine
phospholipase D; NSAIDs, Nonsteroidal anti-inflammatory drugs; OBX, Olfactory bulbectomy;
OFT, Open-field test; PA, Phosphatidic acid; PC, Phosphatidylcholine; PCNA, Proliferating cell
nuclear antigen; PE, Phosphatidylethanolamine; Pl, Phosphatidylinositol;  PI3K,
Phosphatidylinositol 3 kinase; PIsEtn, Ethanolamine plasmalogens; PKC, Protein kinase C;
PLS-DA, Partial least-squares discriminant analysis; QUIN, Quinolinic acid; Sal, Saline; SM,
Sphingomyelin; TCM, Traditional Chinese Medicine; TEM, Transmission electron microscopy;
TST, Tail suspension test; VIP, Variable importance in the projection
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Introduction

Depression is one of the most common psychiatric disorders affecting over 320 million
people worldwide (Friedrich, 2017). It is also the second leading cause of disability and a major
contributor to the burden of suicide (Murray and Lopez, 1997). The number of patients with
depression is expected to increase substantially in post-COVID-19 era and one-third of COVID-
19 survivors had persistent neurocognitive impairment (Li et al., 2020; Li et al., 2021; Mazza et
al., 2021). Depression is a rather complicated and heterogeneous disorder (Drysdale et al.,
2017). The cardinal symptoms of depression include depressed mood, cognitive impairment,
and anhedonia (Belmaker and Agam, 2008). In addition, inflammation is the prevalent
comorbidities in patients with major depressive disorder (MDD) (Dantzer et al., 2008; de Bodinat
et al., 2010; Vuong et al.,, 2017). Current antidepressant therapy remains unsatisfactory
because of its delayed clinical onset, limited therapeutic efficacy, and undesirable side effects
(Berton and Nestler, 2006; Harmer et al., 2017; Zhang et al., 2020). Although some patients
show partial responses within 2 weeks, classical antidepressants usually require several weeks
to reach full effectiveness, and nearly 50% of patients do not respond to the first medication

prescribed (Duman et al., 2016).

Natural products have been a rich reservoir of new drugs or drug leads due to their vast
structural diversity with biological relevance (van Hattum and Waldmann, 2014). It was
estimated that 34% of FDA approved small molecule drugs between 1981 and 2010 were
natural products or their derivatives (Harvey et al., 2015). The majority of these natural product-
derived drugs are anticancer and antimicrobial agents such as artemisinin, trabectedin, and
romidepsin (Mishra and Tiwari, 2011). There are few natural products in the fields of neurology
and psychiatry. Recent metabolomic studies have dramatically expanded our understanding of
the pathophysiology of depression and highlighted the role of metabolic disturbances in the

pathogenesis of depression (Pu et al., 2020). Moreover, rats and human beings share an
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overwhelming majority of their biochemical metabolism (Blais et al., 2017). Therefore, preclinical
drug development based on metabolic pathways in rats could be much easier to be transferred

to humans.

Peony (Paeonia albiflora Pall) is an ornamental plant native to Asia, Europe, and Northern
America. The dry root of Peony has been prescribed for more than 1000 years in Traditional
Chinese Medicine (TCM) with excellent clinical tolerance for the treatment of rheumatoid
arthritis (He and Dai, 2011). Albiflorin (Fig. 1A) is one of the main bioactive compounds in Peony
roots. Long-term treatment with albiflorin produced the antidepressant-like effects on a chronic
unpredictable mild stress (CUMS) model of depression (Wang et al., 2016). Moreover, in our
previous work, we evaluated the toxicity of albiflorin using hoth the FDA preclinical protocol and
next generation metabolomic approach and no obvious acute oral toxicity was observed for both
the rat and dog models (maximum tolerated dose > 5000 mg/kg for Beagle dogs and no-
observed-adverse-effect level of 450 mg/kg for SD rats) (Han et al., 2018). All these suggested
the potential use of albiflorin as an effective and safe antidepressant. However, the molecular
mechanisms underlying the antidepressant-like effects of albiflorin are largely unknown. It was
reported that albiflorin had no significant affinity to a wide range of central nervous system
receptors, including receptors for dopamine (D1-D5), serotonin, norepinephrine, acetylcholine
(M1-M5), opioids, adenosine (A1, A2A) and histamine (H1-H4) (Jin et al., 2016). A recent report
also showed that the gut microbiome might play a causal role in regulating the antidepressant-

like efficacy of albiflorin (Zhao et al., 2018).

In this study, we evaluated the rapid antidepressant-like effects of albiflorin using three
representative rodent models of depression, including olfactory bulbectomy (OBX), CUMS, and
lipopolysaccharide (LPS) induced depressive-like behaviors. We investigated the mechanisms
of action of albiflorin using system-wide approaches combining metabolomics and

transcriptomics followed by transmission electron microscopy (TEM) imaging, molecular docking,
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and targeted lipidomic analysis validation. Overall, our results provide an important stepping-
stone for the translation of exciting advances in treating depressive-like behaviors using

albiflorin in rats into clinical therapies.

Materials and Methods

The brief materials and procedures were summarized here, and the additional details

were described in the supplemental materials.

Animals and drugs

All animal experiments were conducted in accordance with the protocols approved by the
Institutional Animal Care and Use Committee of Tianjin University of Traditional Chinese
Medicine on March 7, 2014 (Approval no. TCM-2014-037-E15). Male ICR mice (22 - 24 g), male
Sprague Dawley (SD) rats (6-7-week-old, 180 - 220 g) and male C57BL/6J mice (8-week-old,
20 - 22 g) were purchased from Beijing Huafukang Bioscience Co. Ltd. Male Wistar rats (6-7-
week-old, 180 - 220 g) were obtained from the Laboratory Animal Center of the Academy of
Military Medical Sciences. Animals were housed under controlled temperature (22 - 24 °C),
humidity (40 - 60%), and 12 h light/dark cycles with ad libitum food and water before the
experiments. Albiflorin was provided by Beijing Wonner Biotech (Purity > 95%). Fluoxetine
hydrochloride (Prozac) and duloxetine hydrochloride were purchased from Eli Lilly and
Company. Imipramine hydrochloride (Imh) was bought from Sigma Aldrich. Albiflorin, fluoxetine,
and duloxetine were dissolved in sterile 0.9% saline solution and stored at 4 °C for up to 48 h.
Ketamine hydrochloride injection was purchased from Fujian Gutian Pharmaceutical Co., Ltd

(Fujian, China).
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The antidepressant potential of albiflorin

The antidepressant potential of albiflorin was assessed by tail suspension test (TST) in
male SD rats. Briefly, rats were randomly divided into 3 groups (12 mice/group) and
administrated with either 0.9% saline (Sal), fluoxetine (10 mg/kg), or three different doses of
albiflorin (3.5, 7, and 14 mg/kg) via intragastric gavage (1.G.). TST was performed 1 h after drug

administration.

Effect of albiflorin on the spontaneous locomotor activity in rats

To exclude nonspecific effects of albiflorin, the spontanecus locomotor activity of mice
was evaluated in the open-field test (OFT). The group set up and drug administration were the
same as described in the previous section. OFT was conducted 1 h after drug administration.
The animals were individually placed in a black box (50 x 50 x 40 cm). The moving distance of
the mice was recorded by an automated tracking system (Ethovision, The Netherlands)
connected to video camera positioned overhead. The total distance traveled during the last 5

min of the 6-min test was the indicator of locomotor activity.

OBX model of depression

Male Wistar rats were anesthetized with chloral hydrate (400 mg/kg, I.P.), and the
olfactory bulbs were removed as described in the supplemental materials. Sham animals were
treated identically with the exception that the olfactory bulbs were left intact. After 14 days’
recovery, rats were then blindly randomized into groups (12 rats/group) and treated daily for 7
days with either saline, Imh or albiflorin via I.G.: Sham-Sal (Sham rats with saline); OBX-Sal
(OBX rats with saline); OBX-Imh (OBX rats with Imh, 5 mg/kg body weight) and OBX-Alb (OBX
rats with Alb, 3.5, 7 and 14 mg/kg body weight). OFT was conducted to assess the locomotor
activity after drug administration. The total distance traveled by each animal over a 3 min period
was measured.
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LPS-induced depressive-like behaviors

The generation of LPS-induced depressive-like behavior in mice was performed as
described before (Lee et al., 2018). Briefly, male C57BL/6J mice were randomly allocated into
six groups with 12 per group: Ctrl-Sal (Control with saline), LPS-Sal (LPS with saline), LPS-FIx
(LPS with Flx, 10 mg/kg body weight) and LPS-Alb (LPS with Alb, 3.5, 7 and 14 mg/kg body
weight). Dosing of all drugs began on day 1 and continued once daily for 7 days via I.G. After
the final dosing at day 7, LPS (0.83 mg/kg) or saline was administrated intraperitoneally. OFT
and FST were conducted at 24 h after LPS administration. The heparinized plasma was
collected after drug treatment. The animals were then sacrificed, and the hippocampi were

collected and stored in liquid nitrogen for further analysis.

CUMS model of depression

Male SD rats were randomly assigned to the control or CUMS group. Rats in the CUMS
group were exposed to one random stressor per day for 35 days (Details in the supplemental
materials). Following 4 weeks of stress exposure, rats with stress-induced depression-like
behaviors were used for drug treatment.

Single-dose treatment: CUMS rats were treated with either a single dose of albiflorin
(CUMS-Alb, 7 mg/kg body weight, 1.G.), ketamine (CUMS-Ket, 10 mg/kg body weight, I.P.), or
saline (CUMS-Sal). Control rats without stress were given saline (Ctrl-Sal). Eight rats were used
per group. Sucrose preference test (SPT) was performed once a week and 24 h after drug
treatment. The consumption amount of total water and 1% sucrose were measured by weighing
the bottles before and after the test. The sucrose preference was then calculated according to

the following equation:

Sucrose intake (g)

S f %) = . = % 1009
ucrose preference (%) Sucrose intake + water intake (g) %
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OFT was conducted before and 24 h after drug treatment. The number of crossings and
rearings during a 4-min period was counted.

Treatment for 7 days: CUMS rats were given either albiflorin (CUMS-AIb, 3.5, 7 and 14
mg/kg body weight), fluoxetine (CUMS-FIx, 10 mg/kg body weight), or saline (CUMS-Sal) for 7
days via I.G. Control rats without stress were given saline (Ctrl-Sal). Eight rats were used per
group. Behavior tests were the same as the description in the single-dose treatment. Rat
heparinized plasma was collected after drug treatment. The animals were then sacrificed, and
the hippocampi were collected. The whole procedures were repeated three times including the
generation and validation of CUMS model of depression, drug treatment and behavior tests.
The plasma and hippocampi samples were combined and snap-frozen in liquid nitrogen for

further analysis.

Western blot analysis

Rat hippocampal tissues from the animal experiments of LPS-induced depressive-like
model and CUMS model of depression were used for western blot analysis. Total protein from
rat hippocampi was extracted and quantified. Sixty micrograms of total protein were resolved on
10% SDS-PAGE gels and probed by using primary antibodies. The antibodies, their sources,

and catalog numbers were listed in Table S5. Three independent experiments were performed.
H&E staining and immunohistochemistry

For H&E staining, tissues obtained from rats in the animal experiment of CUMS model of
depression were fixed with a mixture of 2% formalin and 2% glutaraldehyde solution. The
tissues were then paraffin-embedded, cut into 4-pum thick sections, and fixed on glass slides.
The slides were deparaffinized, rehydrated, stained with hematoxylin (5 min) and eosin (30 s).
After staining, the sections were dehydrated through increasing concentrations of ethanol and
xylene. The slides were examined, and the images were captured using a LEICA DM4000B
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microscope (Leica, Germany). For immunostaining, the slides were incubated with anti-PCNA
(1:100 dilution) overnight at 4 °C and then secondary antibody anti-rabbit IgG. The number of
positive cells was counted using a Nikon Eclipse Ti-U inverted fluorescent microscope (Nikon,

Japan).
Pharmacokinetic (PK) analysis of albiflorin

Albiflorin was given to CUMS rats via I.G. at the dose of 7 mg/kg body weight. Blood was
taken at 0.083, 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 12 and 24 h after drug administration. Each time
point has 8 rats. The animals were sacrificed after blood collection at each time point, and the
hippocampus was collected. Albiflorin in the plasma and the hippocampus was extracted, and
the concentration was analyzed using LC-MS/MS (Details in the supplemental materials).
Geniposide was used as the internal standard. Non-compartmental pharmacokinetic parameters
were calculated by Kinetica 5 (Adept Scientific, UK), including Crax, Tmax, tuzm), AUCs, @and mean

residence time (MRT).
Metabolomic analysis

Metabolite extraction from plasma and hippocampal tissues was performed as described
with minor changes (Yuan et al., 2012). Eight replicates were used per group. The metabolomic
analysis was performed on a Waters ACQUITY UPLC coupled with a QTRAP 6500 MS/MS
system (SCIEX, USA) as described before (Yuan et al., 2012). Ten microliters of the extract
were injected into a Luna NH, aminopropyl HPLC column (250 x 2 mm, 3 um, Phenomenex,
USA) held at 25 °C for chromatographic separation. A total of 482 metabolites covering all the
major metabolic pathways were targeted by scheduled multiple reaction monitoring (MRM)
under Analyst v1.6.2 software control in both negative and positive mode with rapid polarity
switching (20 ms) (Li et al., 2014; Yuan et al., 2012). The chromatographic peaks were

inspected and integrated using MultiQuant 3.0 (SCIEX, USA). The pooled plasma and
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hippocampal samples were used as quality control (QC) and injected 3 times in each batch to

monitor MS signal drift.
RNA sequencing

RNA sequencing was performed by Beijing Novogene Technology Co. Ltd. Total RNA
was extracted from rat hippocampi (4 replicates/group) with TRIzol (Invitrogen, USA).
Sequencing libraries were prepared using NEBNext Ultra RNA Library Prep Kit. The library
preparations were sequenced on a HiSeq 2500 platform (lllumina, USA). Details for data

processing were described in the supplemental materials.
Transmission electron microscopy (TEM)

Rat hippocampal samples were fixed in- 4% paraformaldehyde (PFA) and 2.5%
glutaraldehyde, dehydrated in an ascending ethanol series, and embedded in Epon/Araldite
resin. Ultra-thin (60 nm) sections were cut using a Leica EM UC7 ultramicrotome (Leica
Microsystems, Wetzlar, Germany) and counterstained with uranyl acetate and Reynolds lead
citrate (Leica Microsystems, Wetzlar, Germany). The sections were then examined at 120 kV
using a Hitachi H-7650 transmission electron microscope (Hitachi, Tokyo, Japan). High-
resolution montages (4 x 4 montages at 2 kx or 15 kx magnification) were captured for
randomly selected neurons. Four groups (Ctrl-Sal, CUMS-Sal, CUMS-FIx, and CUMS-AIb) with
two samples per group were prepared. The montages were recorded using an AMT XR-41

camera (4 megapixels) (Advanced Microscopy Techniques, MA).
Lipidomic analysis

Lipids in the extract were analyzed using a Waters ACQUITY UPLC system coupled with
a QTRAP 6500 mass spectrometer (SCIEX, USA) according to our previous study with
modifications (Cui et al., 2017; Shi et al., 2018). Individual lipid species were measured by MRM

transitions. The major membrane lipids including phosphatidylcholine (PC),
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phosphatidylethanolamine  (PE), phosphatidylinositol  (Pl), phosphatidic acid (PA),
sphingomyelin (SM), ceramide (Cer), and cholesterol were targeted. Lipid concentration was

calculated by reference to appropriate internal standards.

Targeted analysis of tryptophan metabolism by liquid chromatography with tandem mass

spectrometry (LC-MS/MS)

The concentrations of hippocampal metabolites in tryptophan metabolism were also
confirmed using a different analytical method by LC-MS/MS. Eight replicates were used per
group. The following multiple reaction monitoring (MRM) transitions (Q1/Q3) were used for
quantification: tryptophan (205/146), kynurenine (209.1/94), 3-hydroxykynurenine (225.2/208.3),
serotonin (177.1/160), melatonin (233.1/174.1) and quinolinic acid (168/149.9), tryptophan-3C,
(216/155), kynurenine-*C,, (219.1/202), melatonin-d, (237.1/178.1), serotonin-d, (181.1/164.1),
3-hydroxykynurenine-**Cy, (235.2/218) and quinolinic acid-*C; (175/157). The absolute

concentration was calculated using the corresponding internal stable isotope standards.
Molecular docking analysis of albiflorin

The docking experiment was performed using MOE 2016 (Chemical computing group,
Canada) to explore the interaction between albiflorin and the key enzymes in phospholipid
metabolism including - cytosolic phospholipases A2 (cPLA2), cyclooxygenase-2 (COX-2),
Sphingosine kinase 1 (Sphkl), Glycogen synthase kinase 3 (GSK3R), and indoleamine 2,3-
dioxygenase (IDO1). The best docking result was judged by comprehensive analysis,
comparison, and energetic considerations. After that, further refinement was carried on the best
results. The residues within 6 A from the ligand were set to be flexible. Energy minimization was
carried out by conjugated gradient minimization with the MMFF94x force field until an RMSD of
0.1 kcal mol™* A* was achieved. Finally, a 5 ns molecular dynamics simulation was conducted to

confirm the stability of the binding modes.
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In vitro enzymatic assay for cPLA2 and IDOL1 inhibition

In vitro enzymatic assay for the inhibition of cPLA2 activity by albiflorin was performed
using the cPLA2 assay kit obtained from Cayman Chemical according to the manufacture’s
protocol (Ann Arbor, Michigan, USA). Arachidonyl trifluoromethyl ketone (ATK), a known cPLA2
inhibitor was used as the positive control. Different concentrations of albiflorin were tested with
three replicates for each concentration and the level of albiflorin required for 50% inhibition of

cPLA2 (ICso) was determined.

In vitro enzymatic assay for IDO1 inhibition was conducted using Ehrlich’s reagent.
Triplicates were prepared for each concentration. The IDO1 activity was determined by
measuring the absorption of the reaction product at 480 nm. The level of albiflorin required for
50% inhibition of IDO1 compared to the negative controls (ICsy) was determined. NLG919, a

known IDO1 inhibitor, was used as the positive control.

Statistical analysis

Details for analysis of omic data were described in the supplementary materials. Briefly,
for metabolomic analysis, data were log2 transformed and normalized by auto-scaling prior to
the statistical analysis. Multivariate analysis (Partial least-squares discriminant analysis, PLS-
DA) and pathway enrichment analysis were performed using Metaboanalyst 4.0. Since PLS-DA
is a supervised maodel, leave-one-out cross-validation (LOOCV) and permutation test were
performed to avoid overfitting. Metabolites driving the differences were identified based on
variable importance in the projection (VIP). VIP score > 1.5 was considered significant.
Univariate analysis was used to validate the results of VIP analysis. Kendall rank correlation
was conducted to explore the metabolome-wide associations between the differential
metabolites and the improvement of depressive-like behaviors after albiflorin treatment. The cut-

off values were P < 0.05 and coefficient r > 0.5 or < -0.5. Pathway analysis was performed
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against a pathway library of Rattus norvegicus (total 81 pathways). P value was calculated by
Fisher's exact test. The integration of metabolomic and transcriptomic data was conducted

using MetScape 3.1, a plug-in to Cytoscape 3.8.0.

Other statistical analyses were performed using Prism 8.0 (GraphPad, CA) or R 4.0.3.
Data were mean = standard error of the mean (SEM) or standard deviation (SD) described in
the legends. Depending on the data distribution, either a two-tailed t-test or Mann-Whitney test
was used to calculate significance levels between the two groups. One-way ANOVA (parametric)
followed by Post hoc Tukey’'s or Kruskal-Wallis (nonparametric) was used to compare multiple

groups. P < 0.05 was considered statistically significant.

Results

Albiflorin produces fast-onset antidepressant-like effects in three murine models of

depression

We followed a recently recommended systematic approach for assessment and validation
of the rapid antidepressant-like activity of albiflorin (Ramaker and Dulawa, 2017). We first
evaluated the antidepressant-like potential of albiflorin using three doses (3.5, 7, and 14 mg/kg).
As shown in Fig. 1B, rat treated with albiflorin showed a significant decrease of TST immobility
time in a dose-dependent manner from 3.5 to 7 mg/kg (Fig. 1B). There was no statistical
difference between 7 and 14 mg/kg (Fig. 1B). To exclude the inhibitory or excitatory effects of
albiflorin, we examined the spontaneous locomotor activity of mice in the OFT. Rat treated with
three different doses of albiflorin had no significant changes in the total distance traveled within
5 min (Fig. 1C). These results indicated that albiflorin did not alter the psychomotor and
exploratory activity of the animals. We then used 7 mg/kg of albiflorin for the following

experiments.
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We next examined the effects of albiflorin in three murine models covering the major
symptoms of depression in humans: LPS-induced depressive behaviors, OBX, and CUMS. We
found that LPS injection resulted in a significant reduction in the number of rearings (Fig. 1D)
and total distance traveled in OFT (Fig. S1A). This depressive-like hypolocomotion in mice was
normalized by albiflorin (Fig. 1D and Fig. S1A). In addition, albiflorin completely corrected the
increased time of immobility in mice caused by LPS in FST (Fig. S1B).OBX mimics motor
agitation and is one of the most reliable and sensitive tests to predict the time of antidepressant
onset accurately (Ramaker and Dulawa, 2017). As shown in Fig. 1E, OBX-induced
hyperactivity in rats was completely normalized after 7 days of aibiflorin treatment but not
imipramine in OFT. In the CUMS model, generally, CUMS-induced anhedonia is not normalized
by subchronic treatment with classical antidepressants (Ramaker and Dulawa, 2017). In this
study, we demonstrated that a single dose of either ketamine (10 mg/kg) or albiflorin (7 mg/kg)
completely reversed the reduction of sucrose intake in rats with chronic stress (Fig. 1F). No
statistical difference was observed between ketamine and albiflorin (Fig. 1F). Similar to
ketamine, a single dose of albiflorin corrected the reduction of rearings in rats caused by CUMS
(Fig. 1G). Furthermore, albiflorin exerted a more potent anti-anhedonia effect than fluoxetine
(Fig. 1H). Fluoxetine treatment for 7 days only slightly increased the sucrose preference without
a significant difference from the untreated CUMS rats (P > 0.05, Fig. 1H). Additionally, the
chronic stress-induced decrease of rearings in OFT was normalized by 7 days of albiflorin
treatment (Fig.11).

The expression of brain-derived neurotrophic factor (BDNF), and the phosphorylation of
CREB (Ser 133), and TrKB in the hippocampus are hallmark events of antidepressant onset
(Ramaker and Dulawa, 2017). We next analyzed whether albiflorin could rapidly upregulate the
expression of these proteins. With traditional antidepressants, the upregulation of BDNF-TrKB
signaling requires 14-21 days of treatment (Duman and Voleti, 2012). Interestingly, we found
that 7 days of albiflorin treatment led to a significant upregulation of BDNF expression and the
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increase of TrKB phosphorylation (pTrKB/TrKB) in the hippocampus compared to the stressed
rats received saline (Fig. 1J, and 1K). In contrast, BDNF following 7 days of fluoxetine treatment
were not significantly different from the stressed rats received saline. In addition, the
pCREB/CREB ratio was significantly upregulated with albiflorin administration for 7 days (Fig.
1L), while there was only a nonsignificant trend of increase for fluoxetine treatment compared to
the stressed rats received saline (Fig. 1L).

We next examined the histopathological changes of the hippocampus in response to
chronic stress and albiflorin treatment. Fig. 1M — 1N showed that the number of proliferating cell
nuclear antigen (PCNA)-positive cells was decreased after chronic stress. However, animals
treated with albiflorin had significant improvement in cell survival, indicated by the presence of
more PCNA-positive cells (Fig. 10 - 1P). Similarly, from H&E staining, we observed dramatic
damage of pyramidal cells with disorganized layers in the hippocampal CA3 region in response
to chronic stress (Fig. S2). These abnormalities were rapidly reversed by albiflorin
administration (Fig. S2).

Previous studies had shown that albiflorin could penetrate blood-brain-barrier (BBB) in
both normal rats and rats with ischemia/reperfusion (I/R) (Hu et al., 2016; Li et al., 2015). In this
study, we analyzed the pharmacokinetic actions of albiflorin in CUMS rat plasma and
hippocampi. Surprisingly, we found that albiflorin was detectable in rat plasma and hippocampi
as soon as 5 min following I.G. administration (Fig. S3A and S3B). Albiflorin reached the peak
concentration in rat plasma at 30 min and hippocampi at 45 min post-administration (Fig. S3C
and S3D). Overall, our data suggested that albiflorin could enter the hippocampus and
produces antidepressant-like effects. We next applied a systematic, integrated multi-omics

approach to explore the pharmcomechanisms of antidepressant-like actions for albiflorin.
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The rapid antidepressant-like actions produced by albiflorin is highly associated with the
correction of metabolic dysregulation in hippocampal phospholipid and tryptophan

metabolism in three depression models

We first compared the changes in hippocampal metabolism of three depression models
using both metabolomic and lipidomic approaches. We found 11 metabolic pathways were
significantly disturbed in OBX and CUMS models of depression, and 12 pathways were altered
in the LPS model compared to the normal controls (Table S1 - S3). The Venn diagram of
differential metabolic pathways in common or unique to the three depression models is shown in
Fig. 2A. We identified four metabolic pathways that were overlapped in all three depression
models, including phospholipid, arachidonic acid, tryptophan metabolism, and TCA cycle (Fig.
2A).

To understand the mechanisms of action of albiflorin, we next examined the metabolic
changes and gene expression alternations in the hippocampus of CUMS rats after albiflorin
treatment using metabolomics, lipidomics, and RNA sequencing. Multivariate analysis of
metabolomic data with PLS-DA showed that both a single dose of ketamine (CUMS-Ket) and
albiflorin (CUMS-Alb) led to the complete separation of their metabolite profiles in the
hippocampi from saline-treated CUMS rats (CUMS-Sal) (Fig. 2B and 2C). Compared to the
ketamine-treated group, the dots of the albiflorin-treated group were closer and partially
overlapped to the dots of the control group (Ctrl-Sal). The reliability of the PLS-DA model was
further validated using the LOOCV approach with g values > 0.4 (Fig. S4A). This suggested
that albiflorin has more potency to improve the disturbed metabolic abnormalities after chronic
stress than ketamine. Consistently, a distinct separation of hippocampal metabolite profiles was
observed between CUMS rats treated 7 days of albiflorin and saline-treated group (Fig. 2D). In
contrast, fluoxetine treatment only showed partial separation of hippocampal metabolomic

profiles from CUMS rats treated with saline (Fig. 2E). LOOCV analysis confirmed the reliability
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of the PLS-DA model separation of different groups (Fig. S4B). Volcano plot analysis showed
that albiflorin significantly changed more metabolites than fluoxetine in both the hippocampus
and plasma (Fig. S5A and S5B). Similar to the metabolomic results, transcriptomic analysis of
global gene expression in the hippocampus showed that albiflorin altered the expression of
many more transcripts compared to fluoxetine treatment (Fig. S5C and S5D). Compared with
CUMS rats treated with saline (CUMS-Sal), the expression of 415 transcripts in rat hippocampi
was dramatically changed in response to albiflorin treatment (CUMS-AIb) while only 219 in the
fluoxetine group (CUMS-FIx) with 112 common ones in both groups (Fig. 2E).

We then integrated the metabolomic and transcriptomic data to identify the metabolic
pathways and molecular interactions changed in rat hippocampus in response to albiflorin
treatment. A total of 132 metabolite discriminators and 415 differentially expressed genes
(DEGSs) were used for pathway network analysis. We found that albiflorin treatment triggered
dramatic pharmaco-metabolic changes in rat hippocampus (Fig. 2G). Pathway enrichment
analysis of plasma metabolomic data showed similar metabolic pathways altered by albiflorin
treatment (Fig. S6). Among the abnormal metabolic pathways restored by albiflorin, the most
dramatic effects were the correction of abnormal phospholipid metabolism, followed by
tryptophan metabolism (Table S4).

Additionally, we conducted a metabolome-wide association study (MWAS) to investigate
the hippocampal metabolites correlated with the improvement of depressive-like behaviors after
albiflorin treatment. Fig. 2H and Fig. 2l list the top 20 hippocampal metabolites significantly
associated with the increase of locomotor activities in response to albiflorin treatment. This
MWAS analysis further confirmed that albiflorin produces rapid antidepressant-like effects by
correction of metabolic abnormalities in phospholipid and tryptophan metabolism in the
hippocampus. We next focused on illustrating how albiflorin restores abnormal hippocampal
phospholipid and tryptophan metabolism, which are commonly disturbed in all three murine
models of depression tested in this study.
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Albiflorin restores dysregulated hippocampal phospholipid metabolism via inhibiting
cPLAZ2

To further assess the effects of albiflorin on neuronal phospholipid membrane in rat
hippocampi, we performed TEM analysis of membrane lipids arrangement in hippocampal cells.
As shown in Fig. 3A, the control group without stress (Ctrl-Sal) have intact cell membrane and
lipid bilayers (See the structures marked with arrows). The cellular integrity of hippocampal
cells was lost after 4 weeks of chronic stress (CUMS-Sal, Fig. 3A). Their cell membranes and
lipid bilayers were severely damaged. Albiflorin treatment rapidly restored the structural integrity
of the lipid bilayers, while some cells with damaged cell membranes were still present in the

fluoxetine-treated group (Fig. 3A, see the arrows in TEM images of CUMS-FIx and CUMS-AIb).

We next isolated the total hippocampal lipids and performed targeted lipidomic analysis to
quantify all the major membrane lipid species in rat hippocampus, including phospholipids,
cholesterol, and sphingolipids. Five different phospholipid species, including PC, PE, PG, PA,
ethanolamine plasmalogens (PIsEtn), and 2 subclasses of sphingolipids, including SM and Cer
were measured. No significant differences were observed among the four tested groups on the
total membrane lipids content, cholesterol, total phospholipids, and total sphingolipids (Fig. 3B-
3E). Further analysis revealed the altered lipids subclasses in response to chronic stress and
albiflorin treatment (Fig. 3F). Interestingly, we found that chronic stress resulted in a significant
reduction of PC, PA, PIsEtn lipids, and SM in rat hippocampi. In contrast, PI, PE lipids, and Cer
were increased dramatically after stress. The phospholipid perturbations in rat hippocampi were

rapidly corrected by albiflorin treatment (Fig. 3F).

We then performed molecular docking analysis between albiflorin, and 5 key enzymes
associated with phospholipid metabolism. Interestingly, out of 5 enzymes tested, cPLA2 had the

lowest binding free energy of -132.8 kcal/mol (Fig. S7). As shown in Fig. 3G, albiflorin fits into
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the active site of cPLA2 by forming hydrogen bonds with amino acid residues Ser 361, Gly 330,
Leu 768, and Met 771 of cPLA2. cPLA2 is the key enzyme in membrane phospholipids
metabolism through the production of arachidonic acid (AA, 20:4n-6) and other polyunsaturated
free fatty acids, PUFAs) (Fig. 3H). In addition, the membrane can serve as the allosteric
activators for cPLA2 in response to stress (Mouchlis et al., 2015). Based on these facts, we
further analyzed the effects of albiflorin on cPLA2 through both in vitro enzymatic assay and in
vivo CUMS rat model of depression. In vitro enzymatic assay showed that albiflorin is potential
inhibitor of cPLA2 with the half maximal inhibitory concentration (ICso) of 333.2 nM (Fig. 3I).
Compared to the controls, chronic stress induced a significant increase of cPLA2 expression in
rat hippocampi (Fig. 3J). This was corrected by albiflorin treatment in a dose-dependent manner
(Fig. 3J). Downregulation of cPLA2 by albiflorin resulted in the increase of PC lipids and the
decrease of eicosanoid levels such as PGF2 alpha and 20-HETE (Fig. 3K and 3L). Inhibition of
cPLA2 also directed metabolic flow towards PE lipids catabolism for the generation of protective
endocannabinoid anandamide (AEA), which was supported by upregulation of N-acyl
phosphatidylethanolamine phospholipase D (NAPE-PLD) (Fig. 3M) and the increase of AEA in
the hippocampus compared with CUMS rats treated with saline (CUMS-Alb versus CUMS-Sal)

(Fig. 3N).

Inhibition of cPLA2 by albiflorin normalizes tryptophan metabolism via cPLA2-Akt1-IDO1

regulatory loop

IDO1 is the initial rate-limiting enzyme in tryptophan metabolism via the kynurenine
pathway, and the hippocampus is a critical brain locus of IDO1 activity. In the CUMS rat model
of depression, we found that the hippocampal expression of IDO1 was significantly upregulated
under chronic stress (Fig. 4A). IDO1 expression was downregulated by albiflorin treatment in a

dose-dependent manner (Fig. 4A). As a result of IDO1 inhibition, albiflorin corrected chronic
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stress-induced increase of kynurenine (Kyn) /tryptophan (Trp) (Kyn/Trp) ratio in both rat plasma

and hippocampus (Fig. 4B and 4C).

Additionally, we tested the inhibitory effects of albiflorin on IDO1 using LPS treated mice.
Albiflorin reduced the increased levels of metabolites in the kynurenine pathway in the
hippocampus of LPS-treated animals such as Kyn, 3-hydroxykynurenine (3-HK), and quinolinic
acid (QUIN), which are the neurotoxins leading to neuronal death, inflammation, and
depressive-like behaviors (Fig. 4D) (Stone and Darlington, 2002). However, such an effect was
less remarkable in the fluoxetine treatment group. In addition, by inhibiting IDO1 activity,
albiflorin diverted tryptophan metabolism towards serotonin biosynthesis. A significant increase

in the hippocampal serotonin level in albiflorin treated animals was observed (Fig. 4E).

We next further explored how albiflorin inhibits IDO1 and thus corrects abnormal
tryptophan metabolism. Albiflorin only showed weak direct inhibition of recombinant human
IDO1 activity by in vitro enzymatic assay (ICso > 100 uM) (Fig. 4F). Our previous analysis
demonstrated that albiflorin is a strong inhibitor of cPLA2. The interplay between IDO1, protein
kinase B (Aktl) , and cPLA2 had been reported by studies in cancers and human leukemia cells
(Basu et al.,, 2006; lachininoto et al., 2013). We then hypothesized that the inhibition of
hippocampal IDO1 expression in tryptophan metabolism by albiflorin might be driven through
inhibiting hippocampal cPLA2 activities. To confirm our hypothesis, we performed the protein-
protein interaction (PPI) network analysis to investigate the interactions of IDO1 with other
proteins (Fig. 4G). Surprisingly, we found that IDO1 is closely associated with Aktl,
phosphatidylinositol 3 kinase (PI3K), and COX-2 (Fig. 4G and 4H). A recent study also found
that constitutive IDO1 expression is dependent on cPLA2 and prostaglandins through PI3K-Akt-
mTOR and protein kinase C (PKC)-glycogen synthase kinase 3 (GSK) signaling pathways in
human tumor cells (Hennequart et al., 2017). We next analyzed the phosphorylation of the key

proteins in this regulatory loop in rat hippocampus in response to chronic stress and albiflorin
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treatment. Interestingly, we found that chronic stress resulted in the accumulation of
prostaglandins and eicosanoids such as PGF2 alpha and 20-HETE, through the cPLA2-COX-2
pathway (Fig. 3K, 3L and Fig. 4H). Prostaglandins triggered the inhibition of the phosphorylation
of GSK3p, Atk1, and p70S6K (mTOR signaling) and the subsequent activation of IDO1 by the
downstream proteins and transcription factors such as B-catenin and ETS translocation variant
4 (ETV4) (Fig. 4H and 4l). In contrast, albiflorin treatment led to a significant reduction of cPLA2
expression and the levels of hippocampal prostaglandins (Fig. 3K, 3L and Fig. 4H).
Subsequently, the phosphorylation of GSK3B, Atk1, and p70S6K (mTOR signaling) was
significantly increased by albiflorin, which then reduced the hippocampal IDO1 expression and

normalized abnormal tryptophan metabolism (Fig. 4H and 4l).

Discussion

Delayed clinical onset of classical antidepressants is associated with many negative
consequences for patients with depression, such as psychosocial losses, relapse, and suicide
(Tylee and Walters, 2007). Increasing evidence indicates that alternations in metabolism are
the main drivers of depression (Mathew and Lijffijt, 2017). In this study, we showed that albiflorin
produces rapid antidepressant-like effects in three different murine models of depression
through the normalization of dysregulated phospholipid metabolism via inhibiting cPLA2 and the
correction of tryptophan metabolism abnormalities through the cPLA2-Akt1-IDO1 regulatory
loop. Our study demonstrated that natural products like albiflorin direct at dysregulated
neurometabolism might be an exciting new approach for rapid treatment of depression through

enabling metabolic reprogramming.

Metabolic abnormalities have been sparsely observed in patients with depression as well
as depressive-like animal models (Gui et al., 2018; Yang et al., 2019). To our knowledge, this is

the first comprehensive metabolomic study to systematically evaluate metabolic abnormalities in
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the hippocampus in three animal models of depression. We demonstrated that hippocampal
phospholipid and tryptophan metabolism are common metabolic pathways disturbed in OBX,
LPS, and CUMS depression models. Metabolic dysregulations play a critical role in the
pathogenesis, treatment resistance, and disease relapse of depression. These mechanisms
constitute, therefore, potent targets for the treatment of depression. Targeting metabolic
activities offers a wide range of therapeutic possibilities that are particularly applicable to
depression. Depression is a rather heterogeneous disorder that dramatically limits the efficacy
of current antidepressants (Herzog et al., 2018). One of the advantages of targeting metabolic
pathways as a better strategy is that the disturbances of metabolic pathways are more
evolutionarily conserved than gene and protein abnormalities. So far, this new strategy has
been tested for the treatment of acute myeloid leukemia (Chapuis et al., 2019). Our study

expanded the scope of such a strategy for antidepressant-like actions.

Lipids are major constituents of the brain and are critical for proper brain function. In this
study, we found that the subclasses of sphingolipids (SMs and ceramides) and
glycerophospholipids (PA, PC, Pl, PE, PIsEtn, and PG) were significantly changed in response
to chronic stress. The stress-induced alternations of lipids composition in the rat hippocampus
fit with previous observations in rat prefrontal cortex after chronic stress exposure (Oliveira et al.,
2015). Interestingly, the total lipids content and the sum levels of lipid super classes (total
sphingolipids and total glycerophospholipids) were not affected, which indicated that
sphingolipid subclasses imbalance with an increase in ceramide and decrease in SMs was
catalyzed by sphingolipid modulating enzymes in a quantitative way (Gault et al., 2010).
Similarly, the combination of decreased phospholipids and increased lysophospholipids in rat
hippocampal tissues after chronic stress suggested the activation of phospholipase 2 (PLA2),
which converted phospholipids into equal amount of lysophospholipids (Dennis, et al., 2011).

The central discovery of our study is that albiflorin produces the primary therapeutic effects on
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dysregulated hippocampal phospholipid metabolism via inhibiting the overexpression of cPLA2
expression. Phospholipid metabolism plays an increasingly recognized role in the neuronal
function of the hippocampus (Miranda et al., 2019). For example, hippocampal phospholipids
form lipid rafts which relay signals from the membrane to intracellular compartments or to other
cells. In addition, hippocampal phospholipids regulate synaptic neurotransmission and plasticity
by determining the localization and function of proteins in the cell membrane (Muller et al.,
2015). cPLA2 is the key enzyme in the rate-limiting step of phospholipids signaling, which had
been implicated in the mediation of long-term depression (Le et al., 2010). The cPLA2-COX-2
cascade is also known to produce a variety of lipid mediators such as eicosanoids involved in
inflammation. In our study, we found the occurrence of hippocampal neuroinflammation
indicated by the accumulation of eicosanoids in stressed rats, which was effectively controlled
by albiflorin treatment, but not fluoxetine. Brain neuroinflammation was also observed in some
patients with MDD (Setiawan et al., 2015). Currently, there is no FDA-approved drug for
neuroinflammation. Although the clinical trials with nonsteroidal anti-inflammatory drugs
(NSAIDs) showed encouraging results in improving depressive symptoms, the severe long-term

side effects of NSAIDs such as liver toxicity can not be ignored (Kohler et al., 2014).

Inducible dysregulation of the tryptophan metabolism via kynurenine has been linked to
several complex disorders, including depression (Cervenka et al., 2017). IDO is the rate-limiting
key enzyme in this pathway. In our study, we found that albiflorin inhibits hippocampal IDO1
expression, likely through the interactions of cPLA2-COX2 and PI3K-Akt-mTOR signaling
pathways. IDO1 inhibitors were extensively tested for the treatment of cancers as
immunotherapy by a number of pharmaceutical companies (Sheridan, 2015). The versatile roles
of IDO1 in the pathogenesis of many diseases highlight the concurrent treatment of depression

and co-existing disorders through IDO1 inhibition. A previous study had demonstrated the
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attenuation of both nociceptive and depressive behaviors in mice through the inhibition of

hippocampal IDO1 activity with 1-methyl-D-tryptophan (Kim et al., 2012).

Even though the peony root extract is currently available in the market as a healthcare
product, we did not recommend the unauthorized use of high doses of albiflorin to patients at

this stage. Clinical trials are needed over the next several years at multiple sites.

In summary, our study demonstrated that albiflorin produces fast-acting antidepressant-
like effects in OBX, LPS, and CUMS-induced murine models of depression. Using multi-omics
approaches, we identified dysregulated hippocampal phospholipid and tryptophan metabolism
across all three models, suggesting a common and conserved mechanism to depression.
Moreover, we showed that albiflorin normalizes phospholipid metabolism through the inhibition
of cPLA2 and corrects tryptophan metabolism via the cPLA2-Akt1-IDO1 regulatory loop. Our
study, therefore, provides a novel therapeutic approach for the treatment of depression, thus

resulting in a renaissance in the field of neurocmetabolism.
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Fig. 1. Albiflorin produces fast-onset antidepressant-like effects in three murine models of

depression. (A) Albiflorin (Alb) isolated from Peony roots. (B) The time of immobility in mice was

Page 32 of 41



Journal Pre-proof

significantly decreased by albiflorin in a dose-dependent manner in tail suspension test (TST) (Data were
mean + SEM, N = 12 rat/group, One-way analysis of variance (ANOVA) with Tukey’s test, P < 0.01 vs.
saline group, n.s. not significant). (C) Albiflorin treatment did not significantly alter the spontaneous
activity of mice, as shown by the unchanged total distance traveled by rat within 5 min in the open field
test (OFT). (Data were mean + SEM, N = 12 rat/group, One-way ANOVA with Tukey's test, n.s. not
significant). (D) LPS-induced mice hypolocomotion in OFT was normalized by albiflorin treatment. (Data
were mean = SEM, N = 12 mice/group, ANOVA with Tukey’s test, P < 0.01 vs Ctrl-Sal and *P < 0.01 vs
LPS-Sal). (E) Olfactory bulbectomy (OBX)-induced hyperactivity was completely normalized by albiflorin.
(Data were mean + SEM, N = 12 rats/group, ANOVA with Tukey’s test, P < 0.05 and P < 0.01 vs Sham-
Sal; *P < 0.05 vs OBX-Sal). (F) A single dose of albiflorin (7 mg/kg) corrected the reduction of sucrose
preference caused by chronic stress. (Data were mean + SEM, N = 8 rats/group, One-way ANOVA with
Tukey's test, P < 0.01 vs Ctrl-Sal and *P < 0.01 vs CUMS-Sal). (G) Similar to ketamine (Ket), one dose
of albiflorin (7 mg/kg) corrected the significant reduction of rearings caused by chronic stress in OFT.
(Data were mean = SEM, N = 8 rats/group, One-way ANOVA with Tukey’s test, P < 0.01 vs Ctrl-Sal and
P < 0.01 vs CUMS-Sal). (H) Treatment with albiflorin (7 mg/kg/d) for 7 days resulted in a significant
increase of sucrose preference in chronically stressed rats. (Data were mean = SEM, N = 8 rats/group,
one-way ANOVA with Tukey’s test, P <0.01 vs Ctrl-Sal and *P < 0.01 vs CUMS-Sal). (1) The decrease
of rearings in chronically stressed rats was normalized by 7 days of albiflorin treatment. (Data were mean
+ SEM, N = 8 rats/group, ANOVA with Tukey’s test, P < 0.01 vs Ctrl-Sal and *P < 0.01 vs CUMS-Sal).
(J-L) Albiflorin treatment for 7 days significantly increased the expression of proteins associated with
antidepressant-onset including BDNF, pTrKB and pCREB (Data were mean + SD, N = 3 independent
experiments, ‘P < 0.05 and "P < 0.01 vs Ctrl-Sal, “P <0.05 and *P < 0.01 vs CUMS-Sal). (M-P) Albiflorin
treatment increased rat hippocampal cell proliferation revealed by proliferating cell nuclear antigen (PCNA)

immunostaining. Scale bar = 50 pum.
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Fig. 2. The rapid antidepressant-like effects of albiflorin are highly associated with the

normalization of metabolic dysregulation in hippocampal phospholipid and tryptophan
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metabolism in three models of depression. (A) Venn diagram of significantly altered hippocampal
metabolic pathways that were in common or unique to three depression models. (B-C) Partial least
square analysis (PLS-DA) revealed both a single dose of ketamine (B) and albiflorin (C) led to the
complete separation of hippocampal metabolism from chronically stressed rats, while the albiflorin-treated
group was much closer to the normal controls (N = 8 rats/group). (D-E) Severn days of albiflorin (7
mg/kg/d) treatment resulted in the complete separation of hippocampal metabolism from chronically
stressed rats (D), while the partial restoration was observed by fluoxetine (FIx) treatment (E). (N =8
rats/group). (F) Venn diagram displayed the number of common and unique differentially expressed
genes (DEGS) in the hippocampus between stressed rats treated with drugs and saline (N = 3 rats/group).
(G) The integrated metabolomic and transcriptomic network analysis revealed the alternation of metabolic
pathways in the hippocampus by albiflorin treatment. Nodes with hexagon shapes are metabolites, and
circular nodes are genes. Blue nodes indicated significant downregulation, and red nodes indicated
significant upregulation. (H) The top 20 hippocampal metabolites correlated with the improvement of
rearing behaviors in CUMS rats after albiflorin treatment. (I) The top 20 hippocampal metabolites
correlated with the increase of locomotor activities (total distance traveled) in CUMS rats after albiflorin
treatment. Spearman’s rank correlation, N = 8 rats/group, **P < 0.01, *P < 0.05 and false discovery rate

(FDR) < 2%.
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Fig. 3
Fig. 3. Albiflorin restores hippocampal phospholipid homeostasis through inhibiting cPLA2. (A)
Transmission electron microscope (TEM) images showed the restoration of cell membrane lipid bilayers

in rat hippocampus by albiflorin. (Magnification: 15,000x). (B-F) Quantification of changes of rat
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hippocampal total membrane lipids (B), cholesterol (C), total sphingolipids (D), total glycerophospholipids
(E), and subclasses of glycerophospholipids (F) in response to chronic stress and albiflorin treatment.
(Data were mean + SD, N = 8 rats/group, Kruskal-Wallis with Dunn’s test. ‘P < 0.05 and ~P < 0.01 vs Ctrl-
Sal. n.s: not significant). (G) The binding of albiflorin to the active site of the cPLA2 protein. Albiflorin was
displayed in a ball and stick representation. Heteroatoms were colored as follows: green (carbon), red
(oxygen), and gray (hydrogen). (H) A sketch diagram of the arachidonic acid cascade. (I) In vitro assay for
the inhibition of the Cpla2 enzyme by albiflorin (N = 3 replicates/concentration). Arachidonyl
trifluoromethyl ketone (ATK) a known cPLA2 inhibitor was used as the positive control. 1Csy was
calculated based on a non-linear regression model. (J) Albiflorin treatment led to the inhibition of cPLA2
expression in rat hippocampus. (Data were mean + SD, N = 3 independent experiments, ANOVA with
Tukey's test, P < 0.01 vs Ctrl-Sal, P < 0.01 vs CUMS-Sal). (K) and (L) Albiflorin treatment led to the
decrease of PGF2alpha (K) and 20-HETE (L) (Data were mean + SD, N = 8 rats/group, ANOVA with
Tukey’s test. “P < 0.01 vs Ctrl-Sal, * P < 0.01 vs CUMS-Sal, n.s.: not significant). (M) The significant
upregulation of NAPE-PLD expression in rat hippocampus in response to albiflorin treatment (Data were
mean + SD, N = 3 independent experiments, ANOVA with Tukey’s test, *P < 0.05 and "P < 0.01 vs Ctrl-
Sal, *P < 0.05, P < 0.01 vs CUMS-Sal, n.s.: not statistically significant). (N) Albiflorin treatment resulted
in an increase of anandamide in the hippocampus. (Data were mean + SD, N = 8 rats/group, ANOVA with

Tukey's test. P <0.05 and P < 0.01 vs Ctrl-Sal, ” P < 0.01 vs CUMS-Sal, n.s.: not significant).
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Fig. 4. Albiflorin normalizes the imbalanced kynurenine pathway of tryptophan metabolism in the

hippocampus through the cPLA2-Akt1-IDO1 regulatory loop. (A) Albiflorin inhibited the
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overexpression of IDO1 induced by chronic stress in the rat hippocampus. (Data were mean + SEM, N =
3 independent experiments, P < 0.01 vs Ctrl-Sal, P < 0.05, ¥ P < 0.01 vs CUMS-Sal, n.s.: not
statistically significant). (B-C) Albiflorin attenuated the stress-induced increase of kynurenine (Kyn)
/tryptophan (Trp) ratio in both rat hippocampus (B) and plasma (C). (Data were mean + SD, N = 8
rats/group, ANOVA with Tukey's test, P < 0.05 and "P < 0.01 vs Ctrl-Sal, “P < 0.05 and “P < 0.01 vs
CUMS-Sal. n.s. not significant). (D) Albiflorin inhibited the kynurenine pathway of tryptophan metabolism
in an LPS-induced mouse model of depression. The color of metabolites was assigned based on their
average concentrations (N = 8 mice/group) from green (lowest) to red (highest). (E) Albiflorin treatment
resulted in a significant increase in hippocampal serotonin in LPS-stressed rats. (Data were mean + SD,
N = 8 mice/group, ANOVA with Tukey’s test, P < 0.01 vs Ctrl-Sal, P < 0.01 vs CUMS-Sal). (F) In vitro
assay for the inhibition of the IDO1 enzyme by albiflorin (N = 3 replicates/concentration, NLG919, a
known potent IDOL1 inhibitor was used as the positive control. ICso was calculated based on a non-linear
regression model). (G) Protein-protein interactions of IDO1. The interaction network was obtained and
visualized by STRING 11.0. (H) Changes of hippocampal protein expression in response to albiflorin
treatment in the signal pathway of the cPLA2-COX-2-IDO1 regulatory loop. (Yellow color indicated
upregulation after albiflorin treatment, and blue color indicated downregulation or decrease. Gray
indicated not measured in this study. The symbol of p indicated the phosphorylation of the protein. The
relative expression was mean + SD, N = 3 independent experiments, “P <0.01 vs Ctrl-Sal and *P < 0.01
vs CUMS-Sal. n.s. not significant). Abbreviations: COX-2: Cyclooxygenase-2; GSK3[: Glycogen synthase
kinase 3; Akt: Protein kinase B; mTOR: The mechanistic target of rapamycin; ETV4: ETS translocation
variant 4; IDO1: Indoleamine 2, 3-dioxygenase 1; PI3K: Phosphoinositide 3-kinase and PKC: Protein

kinase C.
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