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ARTICLE INFO ABSTRACT

Huperzine A (HupA) is a highly selective, reversible acetylcholinesterase (AChE) inhibitor that
exhibits neuroprotective effects and is clinically used to manage benign memory decline.
However, the specific relationship between the pharmacokinetic (PK) profile of HupA and
cerebral acetylcholine (ACh) dynamics remains poorly characterized. Here, we characterize
the PK-pharmacodynamic (PD) properties of HupA in rats under both physiological and
pathological conditions. Following a single intramuscular injection, HupA exhibits a short half-
life but rapid brain penetration, while multiple dosing significantly enhances its brain expos-
ure. In a middle cerebral artery occlusion (MCAO) rat model, HupA demonstrates increased
brain distribution. Furthermore, HupA elevates ACh concentrations across multiple brain re-
gions, concurrently modulating several monoamine neurotransmitters. Using a minimal
physiologically based pharmacokinetic-pharmacodynamic (mPBPK-PD) modeling approach,
cerebral ACh dynamics were accurately predicted based on the pharmacokinetics of HupA in
systemic circulation. The developed mPBPK-PD model exhibits robust predictive perform-
ance and holds potential for guiding the optimization of clinical dosing regimens and improv-
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ing the therapeutic efficacy of HupA.

1. Introduction

Huperzine A (HupA) is a sesquiterpenoid alkaloid derived
from the Chinese herb Huperzia serratum Thunb. "*. As a potent
and selective inhibitor of acetylcholinesterase (AChE), HupA acts
reversibly and has demonstrated neuroprotective properties °. It
is clinically used to treat memory disorders in the elderly and to
address cognitive dysfunction associated with cholinergic defi-
cits in the brain *°. Moreover, extensive studies have shown that
HupA confers neuroprotection against ischemia-induced injury,
both in vitro and in vivo, primarily through its cholinergic anti-in-
flammatory effects *’
antly improve cognitive function in patients with Alzheimer’s dis-
ease (AD) and vascular dementia (VaD) °, and it exhibits neuro-
protective effects in epilepsy . Furthermore, long-term adminis-
tration of HupA has been found to alleviate post-stroke depres-
sion (PSD) and cognitive impairments in rat models, likely medi-
ated by its regulatory effects on neurotransmitters and neuro-
trophic factors in the brain '’. Accumulating evidence indicates
that HupA enhances neuronal survival and promotes axonal re-
generation """, These findings underscore the broad therapeutic
potential of HupA in the treatment of neurological disorders.

. HupA has also been reported to signific-
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As a prototypical AChE inhibitor, the pharmacological activ-
ity of HupA is closely tied to modulation of acetylcholine (ACh)
levels '“. However, HupA exhibits poor water solubility and lim-
ited oral bioavailability, although these challenges can be mitig-
ated through optimized formulations and alternative routes of
administration ‘> "> ', Clinically, HupAis commonly admin-
istered via injection (huperzine A injection, HAI) for benign
memory complaints and myasthenia gravis, and its application is
increasingly expanding to include AD and other forms of cognit-
ive impairment "> . Notably, HAI has been shown to improve
motor function and cognitive performance in mouse models of
Parkinson’s disease '’. Despite these advances, the pharmacokin-
etics (PK) of HAI and its relationship with pharmacodynamic
(PD) outcomes remain insufficiently characterized. In particular,
the association between systemic exposure to HupA and regional
dynamics of ACh in the brain remains poorly understood. This
knowledge gap is particularly critical for central nervous system
(CNS)-targeted drugs, as maintaining optimal ACh concentra-
tions in specific brain regions is essential for maximizing thera-
peutic efficacy *’.

The minimal physiologically based PK-PD (mPBPK-PD) mod-
el is a simplified physiology-based PK framework that integrates
microphysiological principles with PK (PBPK) and PD modeling.
The mPBPK approach was first introduced by Cao and Jusko in
2013 *'. Compared to conventional systemic PBPK models, the
mPBPK model improves computational efficiency and simulation
speed by reducing the complexity of multi-organ or tissue com-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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partments. While preserving the core physiological relevance of
systemic PBPK models, it focuses specifically on drug actions
within target tissues using physiologically meaningful paramet-
ers. To date, the mPBPK model has been applied to the evalu-
ation of various biotherapeutics > *. Integrating PBPK and PD
components enables the prediction of drug responses under dif-
ferent dosing regimens and accounts for inter-individual variabil-
ity.

In this study, we investigated the PK profile of HAI in rat
plasma under both normal physiological conditions and the
pathological state induced by middle cerebral artery occlusion
(MCAO)-associated cognitive impairment. Using microdialysis,
we examined the distribution of HupA across multiple brain re-
gions and monitored changes in ACh levels in these areas under
both physiological and pathological conditions ****. By integrat-
ing PK data from plasma, brain tissue, cerebrospinal fluid (CSF),
and extracellular fluid (ECF), we developed an mPBPK model for
HupA. This model was employed to predict and simulate tempor-
al drug concentration profiles in plasma and discrete brain re-
gions. Furthermore, by incorporating ACh dynamics as a PD end-
point, we established a comprehensive PK-PD model, enabling
prediction of cerebral ACh responses under various HAI dosing
protocols and providing a rational basis for individualized dose
optimization.

2. Materials and methods

2.1. Chemicals and reagents

HupA standard (purity > 97%) and HupA injections (0.3
mg-mL™") were provided by WEPON Pharmaceutical Company
(Zhejiang, China). Heparin sodium salt, formic acid, and ammoni-
um formate were purchased from Aladdin Biochemical Science
and Technology (Shanghai, China) and RHAWN (Shanghai,
China). Standards of ACh, 5-hydroxytryptamine (5-HT), 5-hy-
droxyindoleacetic acid (5-HIAA), dopamine (DA), norepineph-
rine (NE), adrenaline (Adr), gamma-aminobutyric acid (y-GABA),
glutamate (Glu), and aspartic acid (Aspa) were obtained from
Sigma-Aldrich (USA). Acetonitrile and methanol (LC-MS grade)
were acquired from Merck (Germany), and all other reagents
were of analytical grade or the highest commercially available
grade. HupA standard stock solutions were prepared by dissolv-
ing HupA in methanol to yield a final concentration of 1.0
mg-mL~.

2.2. Animals

Specific pathogen-free (SPF) male Sprague-Dawley rats
(200 £ 20 g) were obtained from Beijing Vital River Laboratory
Animal Technology Co. (Certificate No. SCXK 2019-0001) and
housed individually in standard cages under controlled condi-
tions: relative humidity (RH) 50% * 5%, temperature 22 + 1 °C,
and a 12-h light/dark cycle (lights on at 07:00, off at 19:00), with
ad libitum access to food and water. All animal procedures were
approved by the Animal Ethics Committee of China Pharmaceut-
ical University. Measures were taken to minimize animal discom-
fort throughout the experimental period.

2.3. Preparation of MCAO model rats

Male Sprague-Dawley rats (260-270 g) underwent transient
MCAO using the intraluminal filament method “**’. Briefly, anim-
als were anesthetized with isoflurane and placed on a heating pad
to maintain rectal temperature at 37.0 + 0.5 °C. A midline neck in-
cision was made to expose the left common carotid artery (CCA),
internal carotid artery (ICA), and external carotid artery (ECA). A
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nylon filament (18.5 + 0.5 mm in length) was inserted via the CCA
into the ICA to occlude the origin of the middle cerebral artery.
After 2 h of occlusion, the filament was gently withdrawn to initi-
ate reperfusion. Sham-operated rats underwent identical surgic-
al procedures without filament insertion. Neurological deficits in
MCAO rats were assessed using the Longa neurological scoring
system °,

2.4. Measurement of infarct size and brain water content

Twenty-four hours after ischemia-reperfusion (n = 10), rats
were anesthetized and perfused with saline via the left ventricle.
Brains were rapidly excised, weighed, and frozen at -20 °C for 30
min. Five 2 mm-thick coronal brain sections were incubated in
1% 2,3,5-triphenyltetrazolium chloride (TTC) at 37 °C for 20 min
in the dark, then fixed in 4% paraformaldehyde at 4 °C for at least
6 h. Infarct areas were quantified using Image] software, with
ischemic area expressed as a percentage of total hemispheric
area (n=5).

Ischemic infarct area

Ratio of cerebral infarction (%) = Ischemic hemisphere area x 100
1)

For brain water content analysis, brain tissues (n = 10) were
rinsed with ice-cold PBS (4 °C), blotted dry, and immediately
weighed (wet weight). Tissues were dried at 70 °C for 24 h to
constant weight and reweighed (dry weight). The water content
was calculated using the following formula:

Wet weight — Dry weight

- %100
Wet weight

2

Water content of brain Tssiue (%) =

2.5. Laser speckle contrast imaging to monitor brain blood flow

Ten rats (n = 10) were anesthetized and secured onto a ste-
reotaxic frame. Head hair, including over the surgical site, was
shaved, and the skull was exposed. The surface fascia was care-
fully cleaned using cotton swabs. The probe of a dual-wavelength
laser Doppler blood flow instrument (moorFLPI-2, MOOR, UK)
was positioned perpendicularly above the exposed skull and fixed
in place. Cortical blood flow (CBF) was monitored and recorded
in real time before ischemia, during ischemia, and after reperfu-
sion. Images were acquired using the MoorLDI 6.0 image acquisi-
tion system.

2.6. PK study

In the single-dose PK study, rats (n = 6 per group) were ac-
climated for five days, fasted for 24 h, and administered HupA in-
tramuscularly at doses of 0.1, 0.3, or 0.5 mg-kg™". Blood samples
(500 pL) were collected from the retro-orbital sinus at 0 h (pre-
dose) and at 0.05, 0.083, 0.17, 0.25, 0.33, 0.5, 0.75, 1, 1.5, 2, 4, 6,
and 8 h post-dose. For the multiple-dose PK study, a second
group (n = 6) received daily intramuscular doses of 0.3 mg-kg™
HupA for five consecutive days. Blood samples were collected on
days 1 and 5 at the same time points, as well as at 15 min, 1 h,
and 24 h post-dose from day 2 to day 4.

A third group (n = 6 per group) was used for CSF and arterial
blood sampling. Rats were administered 0.3 mg-kg™ HupA intra-
muscularly, and CSF was collected via cisterna magna puncture at
3, 15, and 30 min, and 1, 4, and 6 h post-dose. Both blood and
CSF samples were centrifuged at 8000 r-min™" for 5 min. A fourth
group (n = 6 per group) was designated for tissue distribution
studies following single and multiple 0.3 mg-kg™ doses. Animals
were euthanized at 5 and 15 min, and 4 and 6 h post-dose. Tis-
sues, including abdominal muscles, stomach, jejunum, testes,
pancreas, spleen, heart, liver, kidneys, and discrete brain regions,
were harvested. In the multiple-dose group, 0.3 mg-kg™" HupA
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was administered daily for five days, with tissue samples collec-
ted at corresponding time points on day 5. All samples, including
blood, CSF, and tissues, were stored at —80 °C until analysis.

2.7. Cerebral microdialysis

Eight male Sprague-Dawley rats (200 + 20 g) were fasted for
24 h and administered 0.3 mg-kg™" HupA intramuscularly. Surgic-
al instruments were sterilized with alcohol, and a 1 mm diameter
craniotomy was drilled at the predetermined site. A guide can-
nula was implanted into the brain, secured with dental cement,
and the wound was sutured and disinfected. Following a recov-
ery period of 4-5 days, rats were connected to a microdialysis
system (Eicom). A microdialysis probe was inserted into the CA1
region of the hippocampus (Hc), and artificial CSF was perfused
at 0.2 pL-min™" for 1.5 h, followed by collection of baseline dialys-
ate samples every 20 min for 1 h.

Subsequently, 0.3 mg-kg™ HupA was administered intramus-
cularly at 9:00 AM. Dialysate samples were collected at 10-min
intervals for the first hour, every 20 min for the next hour, every
30 min between 2 and 4 h, hourly from 4 to 8 h, and finally every
2 h from 8 to 10 h. Samples were collected under dark, low-tem-
perature conditions and stored at =80 °C. For analysis, 15 pL of
dialysate was mixed with 5 pL of internal standard solution [200
ng-mL™" 1-methylthymine (1-MT), 100 ng-mL™" scopolamine hy-
drobromide (SH)], vortexed, and 5 pL was injected into the ana-
lytical system. HupA concentrations in the hippocampal CA1 re-
gion were determined using a pre-established quantitative calib-
ration curve.

2.8. Quantitative analysis of HupA biological samples using liquid
chromatography-tandem mass spectrometry (LC-MS/MS)

2.8.1. Sample preparation

Plasma (50 pL) and homogenized tissue samples (5 mg in 50
uL ultrapure water) were subjected to protein precipitation.
Methanol (400 pL) containing scopolamine hydrobromide (100
ng-mL™") as internal standard was added to each sample. After
vortexing for 15 min, mixtures were centrifuged at 18,000
r-min™ for 10 min. The supernatant (350 pL) was concentrated
under vacuum for 4 h, reconstituted in 100 pL pure methanol,
vortexed for 15 min, and centrifuged twice at 18 000 r-min™ for
10 min prior to injection.

2.8.2. LC-MS/MS conditions

Quantification was performed using an LC-20AD liquid chro-
matography system (Shimadzu, Japan) coupled to an API 4000 +
tandem mass spectrometer (AB Sciex, USA). The mobile phase
consisted of 0.05% formic acid in 5 mmol-L™" ammonium formate
(phase A) and acetonitrile (phase B). Chromatographic separa-
tion was achieved on a Phenomenex Luna C;g column (150 mm x
2.00 mm, 5 pum) maintained at 40 °C, with a flow rate of 0.3
mL-min™" and an injection volume of 10 uL. Gradient elution was
programmed as follows: 0-1.5 min, 10% B; 1.5-2 min, 10%—90%
B; 2-5.5 min, 90% B; 5.5-6 min, 90%—10% B; 6-8 min, 10% B.

The mass spectrometer operated in positive electrospray
ionization (ESI) mode with multiple reaction monitoring (MRM).
Key parameters included: spray voltage 5500 V, curtain gas 20
psi, collision gas 8 psi, ion source gases 1 and 2 set at 55 and 50
psi, respectively, and a source temperature of 550 °C. Mass spec-
trometric parameters for HupA are listed in Table1.

2.8.3. Method validation

2.8.3.1 Linearity and lower limit of quantification ( LLOQ )
Plasma calibration standards were prepared by adding 5 uL

of HupA standard solutions to 45 pL of blank rat plasma, yielding

351

Chinese Journal of Natural Medicines 24 (2026) 349-364

concentrations of 0.5, 1, 5, 10, 50, 100, and 500 ng-mL"l. Addi-
tionally, double blank plasma (DB) and plasma containing only
the internal standard SH (CB) were prepared. Linearity was eval-
uated using weighted linear regression (1/x?), plotting the peak
area ratio of HupA to IS against nominal concentration. The intra-
day precision (relative standard deviation (RSD), %) at the LLOQ
and accuracy (RE, %) were required to remain within +20%.
2.8.3.2 Accuracy and precision

Forty-five microliters of blank rat plasma were spiked with 5
uL of HupA standards to prepare quality control (QC) samples at
1, 50, and 375 ng-mL™" and an LLOQ sample at 0.5 ng'-mL™" (n =
5). Samples were processed and analyzed, and concentrations
were back-calculated using the calibration curve. Each concentra-
tion was tested in quintuplicate daily over three days to assess in-
tra- (n = 5) and inter-batch (n = 15) variability. Acceptance criter-
ia were RSD < 15% and RE within #15% for QC samples, and RSD <
20% and RE within £20% for the LLOQ.
2.8.3.3 Extraction recovery and matrix effect

For extraction recovery, 45 pL of blank plasma was spiked
with 5 pL of HupA at 1, 50, and 375 ng-mL™", followed by methan-
ol precipitation and analysis (n = 5). A parallel set was prepared
by spiking HupA into the supernatant after protein precipitation.
Recovery was calculated based on the ratio of peak areas. For as-
sessment of matrix effect, analyte responses in plasma extracts
were compared to those in pure solvent, and the matrix factor
was derived from the peak area ratio.
2.8.3.4 Stability

Stability of HupA in spiked plasma (1, 50, 375 ng'-mL™, n=5)
was evaluated under various conditions: room temperature for
4 h, in the autosampler at 4 °C for 24 h, after three freeze-thaw
cycles, and during storage at —20 °C for two weeks.

2.9. Quantitative analysis of neurotransmitters in the rat brain

Sample preparation and MS conditions were consistent with
those described above. Quantitative analysis was conducted us-

Table 1 Mass spectrometry analysis parameters (HupA, neurotransmitters, and
SH).

m/z"
Compound CE" (eV) DP" (eV)
Q1* Q3°
HupA 243.3 210.2 38 100
SH 304.2 138.2 27 65
ACh 146.2 87.0 60 17
rGABA 103.9 87.0 42 14
S5-HT 177.0 160.0 40 5
5-HIAA 192.0 146.0 60 20
Aspa 134.3 74.0 50 19
Adr 184.6 167.2 50 15
Glu 148.2 84.0 130 17
DA-1 154.2 90.9 40 15
DA-2 154.5 138.1 50 15
NE 170.0 152.0 40 15
1-MT 219.2 160.0 55 25
SCP 304.2 138.2 65 27

“m/z, mass-to-charge ratio; Q1, Quadrupole 1, acts as a mass filter to select precu-
rsor ions based on their m/z values; Q3, Quadrupole 3, analyzes product ions by
selecting fragment ions for further investigation. "DP, Declustering potential, redu-
ces ion-neutral interactions, improving ion separation and sensitivity; and CE, Col-
lision energy, induces ion fragmentation in the collision cell, providing structural
information on the analyte.
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ing an LC-20AD liquid chromatography system (Shimadzu, Japan)
coupled with an API 4000+ tandem mass spectrometer (AB Sciex,
USA). The mobile phase consisted of 0.05% formic acid in 5
mmol-L™" ammonium formate (phase A) and acetonitrile (phase
B). Separation was achieved on a Waters Atlantis T3 column ( 3
pum, 2.1 mm x 100 mm, USA) at 40 °C, with a flow rate of 0.3
mL-min~" and an injection volume of 10 uL. Gradient elution was
set as follows: 0-3 min, 5% B; 3-5 min, 5%—65% B; 5-8 min,
65%—95% B; 8-12 min, 95% B.Mass spectrometry was per-
formed in positive ESI mode with MRM. Instrumental settings in-
cluded: spray voltage at 5500 V, curtain gas at 20 psi, collision
gas at 8 psi, ion source gases 1 and 2 at 55 and 50 psi, respect-
ively, and a source temperature of 550 °C. Mass spectrometric
parameters for HupA and target neurotransmitters are listed in
Tablel. The total scan time (including pauses) was 2.3001 s. Sum-
mary of the acquisition period: duration of 16.999 min, delay
time of 0 s, totaling 635 cycles with a cycle time of 2.3001 s,

2.10. mPBPK modeling and PK/PD simulation

The primary software tools used for model development in-
cluded: (1) Engauge Digitizer 12.1 for data digitization; (2)
Monolix Suite 2019R2, a platform employing the stochastic ap-
proximation expectation maximization (SAEM) algorithm and
Markov chain Monte Carlo (MCMC) methods for non-linear mixed-
effects (NLME) modeling “°. Monolix Suite was utilized to estab-
lish and optimize population PK (pop PK), PK-PD, and quantitat-
ive systems pharmacology (QSP) models ***’; (3) Additional soft-
ware included Berkeley Madonna 10.2.8, R 4.1.2, and RStudio
1.3.1037. A literature search was conducted in PubMed and Web
of Science using the keywords "huperzine A and pharmacology
and rat" and "huperzine A and pharmacology and human". Re-
trieved articles were manually screened according to the follow-
ing criteria: (1) intramuscular administration of HupA; (2) exclu-
sion of formulations affecting PK, such as nano-preparations; and
(3) absence of co-administered drugs to prevent PK interactions.
Data from selected studies were extracted using Engauge Digit-
izer 12.1 and compiled into a CSV file containing dosage, adminis-
tration frequency, sampling time, drug concentration, and detec-
tion method. These data were subsequently used in Monolix Suite
2019R2 and other software for PK model development.

Accurate quantification of regional brain concentrations is
essential for refining PBPK models of CNS drugs, particularly
those exhibiting heterogeneous brain distribution. We conducted
PK analysis and developed a rat CNS PBPK model incorporating
the Hc, CSF, and whole-brain ECF to predict HupA disposition ',
A diffusion-rate-limited approach was employed to describe
HupA distribution from plasma to CSF and Hc, dividing the brain
into vascular, hippocampal, other brain parenchyma, and CSF
compartments. HupA was administered intramuscularly, ab-
sorbed into the central compartment (Vc), and eliminated (ke).
The drug entered the cerebral vasculature (@), crossed the blood-
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brain barrier (BBB) with a permeability-surface area product
(PSggg), entered the Hc and the rest of brain mass (RBM), and
subsequently diffused into the CSF. Since HupA is a substrate of
BBB efflux transporters, V., and K, were incorporated. Distinct
permeation parameters were applied for the blood-CSF barrier.
Efflux clearance (Clout) provided adequate model fit; therefore,
Michaelis-Menten kinetics were omitted for simplification.

Based on the constructed PK model, ACh concentrations in
the Hc and ECF were integrated as PD endpoints. In the PD mod-
el, a kin/kout model (indirect response model) was applied to de-
scribe ACh dynamics in the Hc and interstitial fluid, assuming
steady-state levels under baseline conditions. Upon drug admin-
istration, AChE inhibition reduces ACh elimination, resulting in
elevated ACh concentrations. Concurrently, intracellular accumu-
lation promotes ACh exocytosis into the interstitial fluid. The fi-
nal model structure, illustrated in Fig. 1, integrates both PBPK
and PD components.

The ordinary differential equations (ODEs) of the model are
as follows:

(1) Concentration of HupA in the central compartment:

dCcy,
Vc><%zkaankaAcbex(Cchv) 3)
(2) Concentration of HupA in cerebral vessels:
dC rain
Vo x % = Qb x (Cc— Cv) — PSye % (CV X filygma — Cllye)—
ClmaxcuHr Clmaxcuuth
PSye x (€ asma — CUo, —PS
nex (Cv *fi Uoan) + Clso+ Cuye ~ Clsy + Cyy, x
(Cv X fupiasma — Ces) + Clesy X Cesp (4)
(3) Concentration of drug in CSF:
dCesr
Viese X a PS X (CV X fupiasma — Cesr) — Clesp % Ceset
Qsinkhc X CuHc + Qsinkoth X Cuolh [5)
(4) Concentration of drug in Hc:
dCcy,
Vit X 21 = PSye X (CV  fityama — ) =
ClyaxCuy,
-~ ink c C c 6
Clo + Cuip QSinkne X Cuy (6)
(5) Free drug concentrations in other brain tissue:
dCath C[maxcuuth
v =PSp. x (C asma — CUlotn) — o————
e X dt e X (CV X fuy, Uoeh ) Cloo + Cuor
Qsinkoth X Cuo[h (7)

The parameters are detailed in Table 2, and the PK-PD mod-
el solution involves the parameters presented in Table 3.

2.11. Statistical analysis

PK parameters, including area under the curve and half-life
(t1/2), were estimated using non-compartmental analysis (NCA)

Brain vascular

PSyer _|-1

j -

“Clout

Interstitial

(=)

(=),

s| He [

ACh

Brain cell

I
Drugs

Fig. 1 Schematic of the mPBPK-PD model for HupA in rats. ACh, concentration of ACh in the hippocampal; AChis, concentration of ACh in the hippocampal interstitial fluid
text; kin1, Production rate of acetylcholine in the interstitial fluid; kout1, Elimination rate of acetylcholine in the interstitial fluid; Other parameters are detailed in the main.
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Table 2 List of variables and parameters of the HupA pharmacokinetic model.

Parameter
name/variable Concepts Unit
name
4 The amount of the drug in the absorption
? chamber ne
C. Central chamber drug concentration ng~mL'1
C, Drug concentration in cerebrovascular ng-mL™’
A Amount of central chamber drugs ng
Che Concentration of drugs in the hippocampus ng-mL™
Cuy, Free drug concentration in the hippocampus ng-mL™
Cesp Concentration of drugs in cerebrospinal fluid ng~mI.f1
Con Drug concentrations in other brain parenchymal L
compartments
AVprain The amount of drugs in the cerebrovascular ng
Ay Amount of drugs in the hippocampus ng
Amount of other brain parenchymal
Aoth ng
compartment drugs
Acsp The amount of drugs in the cerebrospinal fluid ng
Free fraction of staphylococcinolone acetonide in
fuplasma -
plasma
Wi Volume of rat brain mL
Qy Blood flow in the rat brain mL-h™
Vy Volume of cerebral vessels mL
Vie Volume of the hippocampus in rats mL
Volume of other brain parenchymal
Votn . mL
compartments in rats
Visr Cerebrospinal fluid volume in rats mL
K Fluid from the hippocampal flow to the Lh
Osinkine cerebrospinal fluid ks
K Flow from other parenchymal compartments to Lh
sinkorn cerebrospinal fluid mke
k, Absorption rate of the drug ht
k (ko) Elimination rate of the drug h™
V (V) Volume of the drug central chamber mL
ps Permeation rate of the blood-cerebrospinal fluid Lh!
BCSF barrier of drugs ke
fuy, Free fraction of drugs in the hippocampus °
Clinax (Vinax) Maximum rate of efflux transporters on BBB ng~h’1
e (K Drug concentration at half the maximum 1
50 (Km) transport rate of efflux transporters on the BBB ng-m
Efflux rate of efflux transporters on the BBB fluid O
Clesp . mL-h
barrier
The rate of penetration of the blood-brain i
PSy. (PSggg) mL-h

barrier of drugs

in Phoenix WinNonlin 8.3. Compartmental PK models were also
developed and optimized as appropriate. Statistical analyses and
data processing were conducted using GraphPad Prism® 9.5.0
(San Diego, CA, USA) and Image]. Data are presented as mean *
standard error of the mean (SEM). Repeated measures analysis
was applied where applicable. Group comparisons were per-
formed using an unpaired t-test for two groups and one-way AN-
OVA for more than two groups. A P-value < 0.05 was considered
statistically significant. Significance levels are denoted as follows:

'P<0.05, "P<0.01, "P<0.001, P <0.0001.
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Table 3 Solution of pharmacokinetic and pharmacodynamic model parameters
for HupA.

Parameters Value CV (%) Source
ks, 0.656 17.8 Estimated
k (ke) 19.6 12.1 Estimated
V(V) 12.5 14.6 Estimated
[pS 0.365 283 Estimated

fuy, 0.150 - Fixed
Clinax (Vinax) 56.1 24.6 Estimated
Clso (Kn) 16.1 27.6 Estimated
Clesp 0.724 171 Estimated
PSyc (PSggs) 0.200 13.6 Estimated
koutl 6.56 66.7 Estimated
k1 0.0241 249 Estimated
kout2 10.3 355 Estimated

Inax 0.450 29.7 Fixed
I1Csg 15.3 19.6 Estimated

3. Results

3.1. Plasma PK of HupA in rats under single and multiple dosing re-
gimens

To accurately measure HupA dynamics in biological samples,
an LC-MS/MS quantitative method was developed and validated.
The method demonstrated adequate sensitivity and specificity,
with retention times of 4.46 min for HupA and 4.45 min for IS
(Fig. 2A). HupA exhibited a linear response across the concen-
tration range of 0.5-500 ng-mL™" in plasma (y = 0.003 22x +
0.000 030 3, r = 0.9979), with a LLOQ of 0.5 ng-mL™ (Fig. 2B).
Precision, accuracy, extraction recovery, matrix effects, and sta-
bility under various conditions are summarized in Supplemental
Tables 1-3. Interday variability for HupA at concentrations of 0.5,
1, 50, and 375 ng‘mL'1 was below 15%. Extraction recoveries at
QC levels (1, 50, 375 ng-mL™") exceeded 90%, and matrix effects
ranged from 96.51% to 101.70%. Stability assessments
firmed that HupA remained stable in plasma under various condi-
tions, including storage at room temperature for 4 and 24 h, 48 h
in an autosampler, three freeze-thaw cycles, and storage at
-20 °C for two weeks, with RSD consistently below 15%. These
results confirm that the LC-MS/MS method met all bioanalytical
validation criteria for plasma sample analysis.

As shown in Fig. 2C, following a single intramuscular injec-
tion of HAI at doses of 0.1, 0.3, and 0.5 mg-kg™ in rats, plasma
HupA rapidly reached peak concentration and was quickly elim-
inated, with a half-life of approximately 1.10 h. Non-compart-
mental PK parameters are presented in Table 4. Based on the re-
sidual weighted sum of squares, Akaike information criterion
(AIC), and Bayesian information criterion (BIC), a compartment-
al model was selected using Phoenix WinNonlin (Table 5). Linear

con-

regression analysis of the three dose levels against their corres-
ponding area under the concentration-time curve (AUC) values
(Fig. 2D) indicated dose-proportional exposure, consistent with
linear PK for HupA.

According to data from the Shanghai Institute of Materia
Medica **, the ICs, value of HupA for inhibiting AChE is 46.2
nmol-L™", corresponding to a calculated serum 90% effective max-
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Fig. 2 Plasma pharmacokinetics and brain tissue distribution of HupA under physio

logical conditions. (A) Representative MRM chromatograms for HupA and IS: a blank rat

plasma sample; a blank rat plasma sample spiked with HupA (100 ng-mL™) and IS (50 ng-mL™); a plasma rat sample 15 min after intramuscular injection of HupA (0.5

mg-kg™', HAI); a plasma rat sample 4 h after intramuscular injection of HupA (0.5

mg-kg™', HAI). (B) Quantitative standard curve of HupA in rat plasma from 0.5 to 500

ng-mL™.y = 0.003 22 x + 0.000 030 3 (r = 0.9979). (C) Comparison of plasma concentration-time (0.1, 0.3 and 0.5 mg-kg™") profiles of HupA with EC49100.76 ng-mL™" (n = 6).

(D) Doses-exposure level of HupA in vivo; Doses-AUC linear analysis plot of HupA. (
(ng-g'l) and AUC (h~ng-g'1] in different tissues after single dose of 0.3 mg~kg" HupA

HupA. (H) Comparison between single and multiple dose on plasma drug concentration and AUC of 0.3 mg-kg™

E) The drug exposure of multiple-doses day-to-day variation (n = 6). (F) Concentration
(n = 6). (G) Concentration (ng-g™") in different tissues after multiple doses of 0.3 mg-kg™
HupA im. (n = 6). (I) Schematic diagram of microdialysis

sampling device with free-moving of rat; Flowchart of continuous microdialysis sampling procedure. (J) ECF concentration-time curve of 0.3 mg-kg™' HupA of i.m. single dose

(n = 6). (K) Differences in AUC and C,,,, across plasma, cerebrospinal fluid, and extra
paired Student’s t-test.

imal concentration (ECqo) of 100.76 ng-mL™. Comparison of
plasma concentration-time profiles at 0.1, 0.3, and 0.5 mg-kg™
(Fig. 2C) revealed that the 0.1 mg-kg™ dose resulted in concentra-
tions consistently below the ECqy, whereas the 0.3 mg-kg™ dose
maintained concentrations above ECqyy for approximately 1.2 h,
and the 0.5 mg-kg™" dose for about 1.8 h. Therefore, a dose of 0.3
mg-kg™" was selected for subsequent studies to achieve sustained

cellular fluid (n = 6). Data represent mean + SEM. P < 0.05, ™ P < 0.0001; two-tailed un-
target engagement with minimal excess exposure.

The non-compartmental parameters for multiple-dose ad-
ministration are presented in Table 6, fitted using a one-compart-
ment model and compared with single-dose PK (Table 7). The cu-
mulative index for HupA was 1.00 * 0.00, indicating no accumula-
tion upon repeated dosing. Furthermore, drug exposure on sub-
sequent days was significantly reduced compared to day one,
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Table 4 Non-compartmental pharmacokinetic parameters of HupA in plasma following intramuscular injection (n = 6 per dose group).

Dosage Ke® tij Tax. Crnax' AUC,_{ AUCy_,," 2 cr MRT,_" MRT( " AUMC,_¢" AUMCq_o,"
(mgkg") () (h) (h) (ngmL") (hngmL”") (hngmL") (mkg') (mlh'kg") (h) (h) (hhngmL™)  (h-h-ngmL™)
01 061+ 116% 039 68.12 + 135.19 136.61 1256.77 + 745.88 + 1.61+ 1.70 £ 219.09 £ 232.89 %

: 0.08 0.14 0.13 8.87 20.45 20.26 281.36 113.19 0.15 0.15 41.12 39.71
03 063+ 112+ 022+ 21525% 323.99 + 32632 1501.55 + 925.42 + 138+ 144 + 448.98 + 471.55 +
i 0.09 0.18 0.04 52.35 27.90 28.13 280.99 84.66 0.13 0.15 67.82 73.99
05 055+ 134+ 0.25% 27315% 44379 + 452.06 + 2169.81 + 112317 + 1.40 1.55+ 625.87 + 711.59 +
! 0.14 0.38 0.05 43.83 60.45 64.59 667.15 144.85 0.33 0.50 196.29 290.52

The mean concentration-time profiles from different animals at each time point were used to estimate the pharmacokinetic parameters. “Ke, elimination rate constant; t 5,
elimination half-time; T}, time to reach maximum concentration; C,,,,,, maximum concentration; AUC,_, area under the curve from time 0 to time t; AUC(_,, area under the

max>

curve from time 0 to infinity; V, volume of distribution; Cl, Clearance; MRT_,, mean residence time from time 0 to time t; MRT,_,, mean residence time from time 0 to

infinity; AUMC,_, area under the moment curve from time 0 to time t; AUMCy_,,, area under the moment curve from time 0 to infinity. bMRTUﬁ = AAUL;/’CZ L
0-t

_ AUG..

MRTy... = AUMCy_..

Table 5 Pharmacokinetic parameters of HupA in plasma fitted with a one-compartment model (1/C weighting) (n = 6 per group).

Dosage (mg-kg™)  Kor (h™)* Ky (h™)*  V_F(mLkg™)* AUC(h-ngmL™)?* CLF(mLh™kg")* Crnax(mgmL™) T (h)  tip(h)  Korow (07" Ko (07)°
0.1 19.44 +7.40 0.56+0.09 1352.00+198.03 13571+23.567 756.03+132.17 66.88+8.14 0.20+0.06 1.82+0.30 0.04+0.02 1.26+0.21
03 17.22 +4.24 0.74+0.13 135590 + 18599 308.01+29.00 981.93+1101.59 194.00 +21.72 0.20 +0.03 1.39+0.24 0.04+0.01 0.97+0.16
0.5 20.74+6.15 0.73+0.19 1668.10 +366.28 433.92+75.17 1177.29+17529 27223+45.97 0.18+0.04 145042 0.04+0.01 1.01+0.29

“Ko1, absorption rate constant; Ky, elimination rate constant; V_F, apparent volume of distribution adjusted by bioavailability; AUC, area under the curve; CL_F, apparent
clearance adjusted by bioavailability.

Table 6 Non-compartmental pharmacokinetic parameters of HupA in plasma after a single 0.3 mg-kg™ intramuscular injection in healthy rats (n = 6 per group).

Subject Accumulation index AUC_Tau (h-ng-mL™) C_avg (ng'mL™) Fluctuation% AUC_M Tau (h-h-ng-mL™)

normal rats 1.00 £ 0.00 293.04 £ 23.61 12.21+0.98 1476.48 £ 196.29 361.59 £90.77

AUC_Tau, area under the concentration-time curve over a dosing interval; C_avg, average concentration; AUC_M Tau, area under the AUC over a dosing interval (t\tau),
adjusted for the drug’s half-life.

Table 7 Non-compartmental pharmacokinetic parameters of HupA in plasma following 0.3 mg-kg™ intramuscular administration in healthy and MCAO rats (n = 6 per
group).

Subject Ke t1y2 Tnax Coax._ AUCo., AUCyc, v €~ MRT, MRTo.  AUMC,, AUMCy_o,
(h™) (h) (h) (ng'mL™) (hngmL™) (h:ngmL™) (mL-kg ™) (mL-h-kg ™) (h) (h) (h-h-ngmL™) (h-h-ng-mL™)
Single- 054+ 131% 029% 194.81 + 375.90 + 380.87 + 1549.11 % 814.17 + 145+  1.55% 554.44 + 603.70 +
dosing  0.09 0.24 0.07 18.67 75.46 78.07 461.05 158.45 0.15 0.19 174.53 200.82
Multiple- 0.67+  1.06+  0.32% 178.76 + 282.49 + 284.66 + 1567.23 + 0.54 +
dosing  0.10 0.16 0.11 12.50 22.85 22.84 226.99 - __ 0.19 __ __

while no notable changes were observed in half-life or other key
PK parameters. The AUC during multiple dosing was 75.15% of
the AUC observed after single dosing (Fig. 2E). Collectively, these
findings demonstrate that HupA exhibits linear PK and does not
accumulate with repeated administration.

3.2. Brain distribution of HupA in rats under single and multiple
dosing regimens

We further evaluated the tissue distribution of HupA follow-
ing single and multiple intramuscular administrations in normal
rats. After a single dose, HupA concentrations were markedly el-
evated in the liver, kidney, spleen, lung, and pancreas, whereas
brain levels remained relatively low (Fig. 2F). Drug exposure was
highest in the kidney (1507.25 + 152.34 h-ng-g ™), followed by the
spleen, lung, pancreas, intestine, thymus, heart, stomach, muscle,
testes, fat, and brain, with hippocampal exposure measured at
93.03 + 18.83 h-ng-g™" (Fig. 2F). To assess regional brain expos-
ure after repeated administration, we determined HupA levels
across different brain regions. Following multiple doses, drug ex-
posure increased in all brain regions, while plasma concentra-
tions declined concomitantly (Fig. 2G). A comparative analysis of
AUC values between single and multiple dosing revealed that re-
peated administration enhanced HupA penetration into brain tis-
sue, potentially augmenting its pharmacological activity (Fig. 2H).

To further investigate the brain kinetics of HupA and achieve
sufficient temporal resolution for subsequent mPBPK-PD model-
ing, microdialysis was employed to continuously collect ECF from

the CA1 region of the Hc in freely moving rats (AP: -4.8 mm, ML:
-5.0 mm, DV: -5.0 mm) (Fig. 2I). An analytical method for quanti-
fying HupA in ECF was developed, demonstrating a linear range
of 0.5-1000 ng-mL™" (r = 0.9946) and an LLOQ of 0.5 ng-mL™", in-
dicating high sensitivity. The concentration-time profile of HupA
in ECF is shown in Fig. 2]. Following a single intramuscular injec-
tion (0.3 mg-kg™), Ty in the brain was 0.92 h, significantly later
than the peak time observed in plasma.

We examined HupA concentrations in CSF and arterial blood
after administration. Comparative analysis of C,,, and AUC ratios
indicated that a substantial proportion of HupA enters the cent-
ral CSF from peripheral arterial blood, with a calculated brain
penetration rate of 39.03%. This suggests efficient BBB permeab-
ility, which is favorable for treating CNS disorders. A differential
analysis of C,,, and AUC ratios among arterial blood, CSF, and
ECF was conducted (Fig. 2K). The results revealed a marked re-
duction in HupA exposure along the transfer pathway, implying
that the drug requires a finite transit time to cross both the BBB
and the blood-cerebrospinal fluid barrier (BCSFB) before reach-
ing the CSF and ECF, contributing to the delayed C ..

3.3. Effects of HupA on ACh and other neurotransmitters in the
brain.

As an AChE inhibitor, the therapeutic efficacy of HupA
primarily depends on its modulation of central and peripheral
ACh levels. Previous studies have demonstrated that ACh medi-
ates anti-inflammatory responses and enhances neural function
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via a7nAChRs and a4B2nAChRs ** **. Therefore, ACh was selec-
ted as the primary PD biomarker for HupA modeling. Using LC-
MS/MS, we established a quantitative method for analyzing neur-
otransmitters in brain tissue and ECF, with detailed mass spec-
trometry parameters provided in Table 1. ACh concentrations
were measured in various brain regions after single and multiple
administrations of HupA (0.3 mg-kg™) and subjected to correla-
tion analysis (Figs. 3A-3D). The results showed a strong correla-
tion between HupA concentrations and ACh levels, particularly in
the medulla oblongata (MO). Notably, ACh levels were highest in
the Hc and striatum (STR), and repeated dosing led to a signific-
ant increase in the temporal lobe, suggesting region-specific
pharmacological relevance.

In addition, we profiled changes in several other neurotrans-
mitters, Adr, Aspa, NE, DA, y-GABA, Glu, 5-HT, and 5-HIAA,
across these brain regions. Following HupA administration,
monoamine neurotransmitter levels (Adr, NE, DA) and Aspa in-
creased, whereas Glu and 5-HT decreased. GABA and 5-HIAA
levels decreased after a single dose but increased following mul-
tiple administrations (Figs. 4A-4B). Subsequently, dynamic
changes in neurotransmitter levels within the hippocampal CA1
ECF were monitored after a single dose (Fig. 4C). ACh levels rose
and remained elevated for approximately 8 h before returning to
baseline. Adr peaked at around 6 h, while NE and Aspa concentra-
tions remained elevated for over 10 h. Glu levels were reduced
for more than 10 h, and 5-HIAA levels were elevated for about
10 h. No statistically significant alterations were observed in ex-
tracellular 5-HT, DA, or GABA levels post-administration. Correla-
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tion analysis between neurotransmitter changes and HupA con-
centration was performed (Fig. 4D). ACh and Adr exhibited stat-
istically significant but moderate correlations with HupA concen-
tration (P < 0.0001; r = 0.4267 and 0.4213, respectively), indicat-
ing potential involvement in HupA’s pharmacological effects.

3.4. PK and brain distribution of HupA in MCAO-related pathologic-
al states

To explore the relationship between HupA and ACh dynam-
ics under pathological conditions, a rat model of MCAO was es-
tablished (Fig. 5A). Dual-wavelength laser Doppler flowmetry
confirmed that cerebral blood flow decreased to 57.6% * 5.2% of
baseline (100%) following filament insertion, indicating signific-
ant hypoperfusion, particularly in the right cerebral cortex (Fig.
5B). After 2 h of ischemia, blood flow partially recovered to
73.2% 6.4%, confirming successful reperfusion (Fig. 5C).
Twenty-four hours after ischemia and 2 h of reperfusion, brain
sections were stained with 1% TTC to evaluate cerebral infarc-
tion. The infarct area was significantly larger in the MCAO group
compared to the sham group, averaging 24.24% * 0.25% (Figs.
5D and 5E). Neurological function was assessed using the Longa
scoring method in seven randomly selected rats per group. Addi-
tionally, brain water content in the ischemic hemisphere was sig-
nificantly higher than in the non-ischemic hemisphere and the
sham group (80.77% + 0.55% vs. 76.00% + 0.97%), indicating
pronounced edema in the affected region (Fig. 5F). Neurological
deficits were significantly greater in the MCAO group (Longa
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Fig. 4 Effects of HupA on neurotransmitter levels in normal rat brain. Changes in different neurotransmitters after single (A) and multiple (B) administrations in rats (n =
3). (C) Changes in ECF neurotransmitter concentration in the presence and absence of HupA administration (n = 7). (D) Correlation analysis of HupA and neurotransmitters
in ECF. P < 0.05, "P < 0.01, P < 0.001, calculated using two-way repeated measures analysis of variance (ANOVA). Data are presented as mean + SEM.

score: 2.78 * 0.15) compared to the sham group (Fig. 5G). Com-
pared to the untreated MCAO model, HupA treatment reduced
cortical infarct volume (Fig. 5H) and improved survival (Fig. 5I).

However, no significant differences were observed in body tial time
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weight or neurological deficit scores (Figs. 5] and 5K)
Next, we investigated the PK characteristics of HupA in the
MCAO model (Fig. 6A). Blood samples were collected at sequen-

points following intramuscular administration of
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Fig. 5 Establishment of Middle Cerebral Artery Occlusion rat model. (A) Schematic of embolization in MCAO model. (B) Real-time monitoring of cortical blood flow with
laser speckle contrast imaging before surgery (baseline), during embolization, and post-surgery (reperfusion) in the MCAO model (n = 6). (C) Comparison of blood flow re-
duction after embolization with baseline levels for analysis. (D) Representative images of TTC staining. Quantitative analysis of cerebral infarct area (E), water content (F)
and neurology deficit score (Longa scoring, G) in MCAO and Sham rats (n = 6). (H) Intuitive infarct Area of the cerebral cortex (n = 6). (I) Probability of survival after HupA

dose. Probability of survival =
istration (n = 6). (K) Neurological deficit score during 9 days (n = 6).”P < 0.01,
presented as mean * SEM.

0.3 mg-kg ™" HupA to MCAO rats, and the resulting plasma concen-
tration-time curve is presented in Fig. 6B. Single-dose PK analys-
is was performed using a one-compartment model in Phoenix
WinNonlin, with model selection based on weighted residual sum
of squares, AIC, and BIC (Tables 8 and 9). Results indicated that
HupA follows first-order elimination Kkinetics, with plasma con-
centration declining exponentially over time.

For multiple dosing, PK parameters were fitted using a one-
compartment model under the same criteria (Table 10). The ac-
cumulation ratio was 1.03 + 0.03, indicating minimal drug accu-
mulation. However, comparison of C., and AUC revealed that
the AUC after multiple dosing was 162.22% of the single-dose
value, while Cy,,, was 92.12% (Table 11), suggesting a notable in-
crease in systemic exposure (Fig. 6C). The t;,, of HupA was
slightly prolonged after a single dose in MCAO rats (1.23 £ 0.16 h)
compared to normal rats (1.12 + 0.18 h). With multiple dosing,
the half-life extended nearly threefold (3.84 * 1.85 h), likely due
to impaired metabolism and clearance in the ischemic state, lead-
ing to sustained plasma concentrations.

The plasma concentration and brain region distribution of
HupA following multiple intramuscular injections (0.1 mg-kg™)
are illustrated in Fig. 6D. HupA exhibited linear PK behavior, with
dose-normalized AUC used to compare drug exposure across
brain regions after single and multiple administrations in both
normal and pathological states (Fig. 6E). We further analyzed ACh
concentrations in various brain regions of MCAO rats and as-
sessed the correlation between ACh and HupA levels in each re-
gion (Figs. 6F and 6G). A strong correlation was observed
between HupA concentration and ACh changes in the STR under
MCAO conditions, whereas hippocampal ACh levels significantly
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(Number of rats surviving on the day)/(Total number of rats on the day). (J) Body weight changes and Longa scoring in rats after HupA admin-
“P <0.001,

“P < 0.0001, calculated using two-tailed unpaired Student’s ¢-test. Data are

decreased, consistent with patterns associated with cognitive
impairment.

3.5. Effects of HupA on ACh and other neurotransmitters under
pathological conditions

We further evaluated neurotransmitter dynamics in differ-
ent brain regions of the MCAO rat model, including ACh, 5-HT, 5-
HIAA, DA, NE, Adr, GABA, Glu, and Aspa (Figs. 7A-7C). After a
single administration, measurements taken at 6 h (Fig. 7A) re-
vealed that HupA reduced Adr and Aspa concentrations in the
STR, with no significant changes in other neurotransmitters. Fol-
lowing six days of administration, more pronounced effects
emerged: ACh, NE, DA, Aspa, GABA, and 5-HIAA levels increased,
while Glu, Adr, and 5-HT decreased (Fig. 7B). After a three-day
withdrawal period, the HupA-treated group exhibited reduced
ACh, NE, and DA levels in the MO (Fig. 7C). These findings, com-
bined with data from normal physiological conditions, indicate
that HupA modulates neurotransmitter dynamics in a time- and
region-dependent manner.

3.6. Establishment and validation of an mPBPK-PD model

Based on the previously obtained single- and multiple-dose
PK data, we initially predicted daily dosing frequency and corres-
ponding blood concentration profiles using Phoenix WinNonlin
8.3 (Fig. 8A). In the MCAO rat model, predicted plasma concentra-
tions after multiple dosing closely matched observed values, with
nearly all data points falling within the 90% confidence interval
(Fig. 8B).
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Fig. 6 Pharmacokinetic behavior of HupA and the alterations of ACh in MCAO rat. (A) Experimental-procedure workflow of the MCAO modeling and sampling. (B) Concen-
tration-time curve of plasma after HupA injection of 0.3 mg-kg™" on MCAO intramuscularly (n = 6). (C) AUC and C,,,,, comparisons between MCAO (single/multiple doses) and
normal rats (single/multiple doses) (n = 6). (D) Drug distribution of HupA in plasma and tissues following administration in the MCAO model (n = 3). (E) Distribution of
HupA in relevant brain tissues after single and multiple dose of 0.3 mg-kg™ (i.m.) in physiological conditions, and after single dose (i.m.) of 0.1 mg-kg™" in the pathological
state of MCAO, normalized using AUC/Dose. (F) Changes in ACh concentration after a single dose of 0.3 mg-kg™* HupA administered intramuscularly in various brain regions
in Sham and MCAO rats (n = 3). (G) Correlation analysis of HupA and ACh concentrations in the brain after multiple doses of 0.3 mg-kg™ HupA in MCAO rats (n = 3). Data rep-
resent mean = SEM. ‘P < 0.05, P<0.01, "P<0.001, P < 0.0001; two-tailed unpaired Student’s t-test, except for (G) (one-way ANOVA with Tukey’s post-hoc test).

Table 8 Comparative non-compartmental analysis of HupA pharmacokinetics in plasma after 0.3 mg-kg™ intramuscular injection between healthy and middle cerebral
artery occlusion (MCAO) model rats (n = 6 per group).

Subject Ke tiy: Tax Cinax AUC,_, AUCq_q, 1% c MRT,, MRT,,,  AUMC,_, AUMCy_o,
(h™) (h) (h) (ngmL™)  (h-ngmL™") (h-ng-mL™) (mL-kg™) (mL-hkg™)  (hr) (h)  (hhngmL™) (h-hng-mL™)
normal 063+ 112+ 022+  21525% 323.97 + 326.29 * 1501.60 * 138+ 1443
rats 0.09 0.18 0.04 5235 27.90 28.13 28101 025488466 )4q 015 48986782 471.55+73.99
MCAOrats 057% 123 036% 19883+ 362.33 + 367.60 + 1498.22 + 850.38 + 157+ 168+ 572.60 + 624.70 +
0.07 0.16 0.11 24.29 71.71 72.89 361.20 210.27 0.21 0.26 145.82 168.47

Table 9 One-compartment model parameters of HupA in plasma with 1/C weighting.

Subject K01 (h")  KI0(h")  VF(ml-kg') AUC(hngmL") CLF(mLhkg™") Cpox(ngml™) Ty (h) tip(h) Ko () Kiga (h7)

normalrats 17.46+4.72 0.73£0.13 1359.14+189.46 308.78 +29.19 979.59£102.18 193.80+21.85 0.20+0.03 1.40x0.24 0.04£0.01 097+0.17

MCAO Rats 17.13 £4.05 0.59+0.14 1465.17 +168.59 371.63 +100.14 861.51+246.65 182.73+19.67 0.21+£0.04 1.79£0.42 0.04+0.01 1.24+0.29

Table 10 Non-compartmental pharmacokinetic parameters of HupA in plasma after 5-day repeated 0.3 mg-kg ™" intramuscular injections in MCAO rats (n = 6 per group).

Subject Accumulation index AUC_Tau (h-ng-mL™) Cavg (ng'mL™) Fluctuation% AUC_M Tau (h-h-ng-mL™)

MCAO Rats 1.03 £0.03 599.22 £ 221.37 2497 £9.22 805.46 + 246.16 2125.61+1134.67

Table 11 Non-compartmental pharmacokinetic parameters of HupA in plasma following single and multiple 0.3 mg-kg™" intramuscular injections in MCAO rats (n = 6 per
group).

Subject Ke tin T Conax_ AUy, | AUCy-o, v €l MRTo, MRTp AUMCy,  AUMCy,
(h™) (h) (h) (ngmL™)  (hongmL™) (h-ng'-mL™) (mL-kg™) (mL-h™kg™) (h) (h) (h-h-ng-mL™) (h-h-ng-mL™)
Single-dosing 057+ 123+ 036% 19883+ 362.33 + 367.60 + 1498.22 + 850.38 + 157+ 1.68% 572.60 + 624.70 +
0.07 0.16 0.11 24.29 71.71 72.89 361.20 210.27 0.21 0.26 145.82 168.47
Multiple-  0.23+ 3.84+ 042+ 18317+ 587.76 + 600.30 + 2746.01 % 310+
dosing 0.13 1.85 0.13 27.00 237.04 238.62 926.67 T - 1.88 T T
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Fig. 7 Impact of HupA on multiple neurotransmitters in the MCAO rat. (A) Experimental scheme of single-dose HupA treatment in MCAO model; Concentration of neuro-

transmitters in related brain regions after single-dose treatment. (B) Experimental

scheme of multi-dose HupA treatment in MCAO model; Concentration of neurotransmit-

ters in related brain regions after multi-dose treatment. (C) Experimental scheme of drug withdrawal effect in multi-dose HupA treatment in MCAO model; Concentration of
neurotransmitters in related brain regions after drug withdrawal. Data represent mean * SEM (n = 7). P < 0.05, "P < 0.01, "'P < 0.001, ""P < 0.0001; two-tailed unpaired

Student’s t-test.

HupA undergoes relatively rapid metabolism following intra-
muscular injection. If only metabolic clearance was considered,
maintaining therapeutic efficacy would necessitate 4-6 daily
doses. However, considering the prolonged time-course of ACh
elevation, a key PD marker, we observed that the pharmacologic-
al effects of HupA persist longer than the drug’s presence in circu-

lation. Given that ACh is a critical neurotransmitter involved in
widespread physiological functions and strongly linked to cognit-
ive enhancement and other therapeutic actions *°, dosing regi-
men design should integrate PD target dynamics alongside PK
data. As a well-established biomarker, ACh has been extensively
studied for its utility in disease detection methods ***’
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Fig. 8 Establishment and validation of the mPBPK-PD model. (A) Prediction of HupA concentration in plasma changes after multiple dosing based on single-dose data. (B)
Single administration predicts HupA concentrations changes in plasma for multiple administrations in MCAO rats. Data was performed using Phoenix WinNonlin 8.3 soft-
ware. (C) 90% prediction confidence interval for the prediction of HupA in MCAO rats. (D) Visual predictive check (VPC) plots for the PK model-predicted concentration of
0.1, 0.3 and 0.5 mg-kg™" HupA intramuscular in rat plasma over time. (E) VPC plots for the predicted value of HupA concentration in rat CSF, hippocampal parenchyma and
ECF via PK model over time. (F) VPC plots for the predicted value of ACh concentration in rat ECF and hippocampal parenchyma of rats via PK model over time. Black dots:
observed values; orange solid line: population predictions; orange shaded area: 90% confidence interval of predicted values.

Building upon the HupA PK model, we constructed a mechan-
istic PBPK-PD (mPBPK-PD) model using hippocampal and ECF
ACh concentrations as PD endpoints (Fig. 1). Model parameters
were optimized using the SAEM algorithm in Monolix Suite, res-
ulting in excellent agreement between predicted and observed
values (Fig. 8C). The model accurately predicted plasma concen-
tration-time profiles of HupA across different doses (Fig. 8D) and
successfully simulated drug concentrations in hippocampal par-
enchyma, CSF, and CA1 ECF (Fig. 8E).

In the PD component, a kin/kout (indirect response) model
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was applied to describe ACh dynamics in the Hc and interstitial
fluid. Under HupA influence, ACh degradation in the Hc is inhib-
ited, leading to increased ACh levels, which subsequently diffuse
into the interstitial space. Following parameter optimization with
the SAEM algorithm, the model effectively predicted time-de-
pendent changes in ACh concentrations in both hippocampal par-
enchyma and CA1 ECF, showing close alignment with empirical
data (Fig. 8F). After visual predictive check (VPC) and parameter
refinement, all relative standard error (RSE) values were below
30%, and observed data fell within the 90% prediction interval.
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The final model successfully captured the temporal profiles of
HupA in plasma, hippocampal tissue, CSF, and ECF across dosing
regimens and accurately predicted ACh PD responses.

4. Discussion

Traditional Chinese medicine plays an important role in the
clinical treatment of cognitive impairment for various rea-
sons ***’. HupA injection is clinically used for the treatment of be-
nign memory disorders and myasthenia gravis and has also
shown potential in treating other neurological diseases “ " *'~**,
However, the PK behavior of HupA and its relationship with
neurotransmitter dynamics and PD effects remain insufficiently
characterized, particularly critical for CNS drugs, where main-
taining optimal levels of ACh and other neurotransmitters in the
brain is essential for maximizing therapeutic efficacy and ensur-
ing safety. In this study, we investigated the PK-PD characterist-
ics of HupA in rats under both physiological and pathological con-
ditions and established an mPBPK-PD model to address these un-
met needs.

First, a rapid and highly sensitive method was developed to
quantify HupA in plasma, tissues, CSF, and dialysate samples us-
ing LC-MS/MS. Plasma and tissue samples were processed via
methanol-based protein precipitation, enabling accurate meas-
urement of HupA within a linear range of 0.5-500 ng-mL™", with a
LLOQ of 0.5 ng'-mL™. PK studies following single and multiple
doses administered via intramuscular injection revealed that
HupA exhibits rapid elimination, with a half-life of approximately
1.10 h. Detailed investigations indicate that HupA is primarily ex-
creted unchanged by the kidneys and is not significantly metabol-
ized by the liver, suggesting a low potential for clinically relevant
drug interactions when co-administered with cytochrome P450
(CYP)-metabolized agents . A relatively rapid clearance, allow-
ing complete elimination within one day, has also been observed
in human trials **. By modifying formulation strategies, including
the design of nanoparticle-based drug carriers, brain-targeted de-
livery of HupA can be enhanced and its half-life prolonged '°. The
PK profile of HupA follows a one-compartment model with linear
kinetics. Based on in vitro cholinesterase inhibition assays, an
EC90 value was estimated, indicating that a dose of 0.1 mg-kg™
does not achieve therapeutic concentrations. Furthermore, HupA
exhibits a narrow therapeutic window, as a dose of 0.5 mg-kg™
induced mild adverse effects such as seizures and salivation in ex-
perimental animals. Under multiple-dose regimens, no systemic
accumulation of HupA was observed, and plasma exposure signi-
ficantly decreased, whereas other PK parameters, including half-
life, remained largely unchanged. This suggests increased tissue
retention despite reduced systemic availability.

Tissue distribution following intramuscular administration of
HupA was evaluated, revealing predominant localization in high-
perfusion organs. Notably, although plasma drug exposure de-
clined with repeated dosing, brain exposure increased across sev-
eral regions, particularly in the Hc, STR, MO, and cortex. This en-
hanced cerebral retention is likely attributable to the small mo-
lecular size and high BBB permeability of HupA, supporting sub-
stantial CNS penetration and retention. The correlation between
cholinergic activity in these brain regions and neurofunctional
regulation under disease states 7 combined with our PK data,
provides key insights into the pharmacological mechanism of
HupA and supports its targeted action in cognitive and neur-
omuscular disorders.

Traditional tissue sampling methods often fail to fully ex-
clude blood interference, leading to inaccurate measurements. To
address this limitation, microdialysis technology was incorpor-
ated, offering minimal surgical impact and enabling continuous
sampling, thereby providing a more accurate reflection of meta-
bolic conditions in animals under normal physiological sta-
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tes “**’. Using this technique, we continuously monitored HupA

concentrations in the ECF of the hippocampal CA1 region. The
measured HupA concentrations aligned with PK behaviors ob-
served in plasma and tissue. Additionally, neurotransmitter dy-
namics, particularly ACh, were tracked during drug administra-
tion.

Given the high brain retention of HupA, LC-MS/MS was em-
ployed to examine neurotransmitter changes across multiple
brain regions. Both traditional tissue sampling and microdialysis
revealed a significant increase in ACh levels in the hippocampal
CA1 region following administration. This effect is attributed to
HupA'’s action as a cholinesterase inhibitor, which elevates ACh
concentrations and confers neuroprotective effects. Integrating
these findings with prior PK data from plasma, tissue, and ECF,
we developed an mPBPK-PD model to predict temporal changes
in HupA and ACh in the brain. The mPBPK-PD model supports
cross-species dose extrapolation from animals to humans by
parameterizing physiological factors such as organ blood flow,
BBB permeability, and enzyme/transporter abundance. It quant-
itatively predicts brain-targeted exposure and characterizes the
dose-response relationship using PD markers, facilitating first-in-
human dose selection and optimization of dosage regimens. Fur-
thermore, by incorporating pathophysiological parameters, such
as biomarkers of BBB disruption, into PK profiles, the model en-
ables dose optimization under disease-altered conditions. It also
allows simulation of complex dosing regimens, supporting more
accurate evaluation of dosing intervals, cumulative risk, and po-
tential drug-drug interactions in combination therapies. Model
optimization and external validation enhance understanding of
HupA'’s PK behavior and provide valuable insights for developing
individualized treatment plans, optimizing dosing strategies, and
assessing drug safety and efficacy.

MCAQO is a stable, reproducible, and low-mortality model of
cerebral ischemia. We investigated the PK behavior of HupA in
the MCAO model and observed a marked increase in plasma drug
exposure under pathological conditions, accompanied by vari-
able increases in brain drug exposure. These results indicate that
cerebral ischemia substantially alters HupA’s PK. We further ex-
amined HupA’s effects on brain neurotransmitter levels in the
MCAO model and found a strong correlation between HupA con-
centration and ACh fluctuations in the striatal region. These find-
ings suggest that HupA effectively elevates ACh levels and ameli-
orates various biochemical and metabolic abnormalities associ-
ated with cerebral ischemia, offering new directions for research
into the pathophysiology, prevention, and treatment of ischemic
brain injury. In the normal state, repeated dosing resulted in de-
creased plasma exposure but increased drug accumulation in the
brain, particularly in the Hc and STR. Under ischemic conditions,
both plasma and brain exposure levels rose, with the most pro-
nounced increases observed in the parietal lobe, temporal lobe,
and STR. Cerebral ischemia disrupts the structure and function
of the BBB, leading to degradation of tight junction proteins
(TJPs) °'*, basement membrane damage, and pericyte dysfunc-
tion. In the MCAO model, ischemia-reperfusion injury induces ox-
idative stress and inflammation, promoting the release of pro-in-
flammatory cytokines (e.g., TNF-a, IL-1B) *° and activation of
matrix metalloproteinases (MMPs). These enzymes degrade TJPs
(e.g., occludin, claudin-5) and basement membrane components
(e.g., laminin), thereby increasing BBB permeability. Con-
sequently, due to its low molecular weight and high lipophilicity,
HupA crosses the BBB more readily via paracellular or transcellu-
lar routes °**. In summary, the altered PK under cerebral
ischemia suggests that while these changes may enhance thera-
peutic efficacy, they also elevate the risk of adverse effects.
Therefore, careful dose adjustment based on patient-specific con-
ditions is necessary to minimize potential side effects.

The PD effects of HupA are closely linked to its ability to
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modulate neurotransmitter systems in the brain. As an AChE in-
hibitor, HupA increases ACh levels, which has been shown to im-
prove cognitive function in both AD and VaD patients ' **°",
Moreover, HupA exhibits neuroprotective effects against ische-
mia-induced injury, likely mediated by its cholinergic anti-inflam-
matory properties **°. In our study, HupA administration led to
significant increases in ACh levels and other neurotransmitters,
including NE, DA, and GABA, indicating broad neuroprotective
activity across multiple pathways. The elevation of NE and DA
may result from indirect activation of the cholinergic system by
HupA. Experimental evidence indicates a direct correlation bet-
ween fluctuations in DA and ACh concentrations in the brain *".
NE and DA, which regulate motor function, motivation, and cog-
nition, may contribute to improvements in attention, memory
consolidation, and motivational behaviors through enhanced re-
lease “**°, Additionally, neurotransmitter alterations observed in
the MCAO model, including reductions in Glu and serotonin (5-
HT), align with mechanisms underlying cognitive dysfunction in
ischemic conditions """, Studies have shown that cerebral
ischemia disrupts monoamine neurotransmitter balance %, with
declines in DA, NE, and 5-HT contributing to PSD. HupA adminis-
tration appears to modulate these neurotransmitters, potentially
mitigating such complications .

Conclusion

Overall, our findings demonstrate that HupA displays
alteredPK and enhanced brain accumulation under ischemic con-
ditions,resulting in significant modulation of key neurotransmit-
ters, in-cluding ACh, DA, and NE. We developed an mPBPK-PD
modelcapable of accurately predicting brain-targeted drug expos-
ureand dose-response relationships, thereby enabling rational
doseoptimization across both physiological and pathological
states.These results offer mechanistic insights into HupA’
sneuropro-tective actions and support its targeted application in
thetreat-ment of ischemic brain injury and other CNS disorders.
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