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Andrographolide, a natural labdane diterpenoid lactone isolated from Andrographis paniculata, possesses
properties
immunomodulatory activities, rendering it a promising candidate for therapeutic development. In this

diverse  pharmacological such as anti-tumor, anti-inflammatory, antiviral, and
study, pharmacokinetic profiles, excretion features, and metabolism of andrographolide were
systematically investigated in rats using a liquid chromatography/mass spectrometry (LC/MS)-based
approach. Following intravenous and oral administration, andrographolide exhibited high elimination and
moderate bioavailability. Excretion study revealed that less than 5% of the administered dose was
eliminated in its parent form in urine and feces. Metabolic profiling identified a total of 39 analytes,
among which 34 were sulfated conjugates—establishing sulfation as the most structurally diverse
metabolic pathway of andrographolide in rats. A novel MS/MS fragmentation workflow was established,
which enabled the unambiguous discrimination of four sulfation modification sites: O-sulfation at the C3
and C19 positions, and C-sulfation at the C12 and C14 positions. Collectively, this comprehensive study

delineates the complete in vivo disposition of andrographolide in rats and clarifies the site-specific

rsc.li/rsc-advances sulfation rules of its metabolites.

1. Introduction

Andrographolide, a natural labdane diterpenoid lactone derived
from Andrographis paniculata (commonly known as ChuanXin-
Lian), is characterized by an electrophilic a-alkylidene-B-
hydroxy-y-butyrolactone moiety.”> This structural feature
possibly enables covalent and irreversible binding to cellular
targets and proteins.>* Owing to this unconventional binding
mechanism, andrographolide was reported to exhibit a broad
spectrum of pharmacological activities, including anti-tumor,®
anti-inflammatory,® anti-pyretic,” antibacterial,® antiviral,®
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immunomodulatory,” and other properties.'® Despite its prom-
ising efficacy, andrographolide suffered from limited oral
bioavailability, while andrographolide sulfonates also exhibited
potent bioactivities.'>*> Therefore, a thorough understanding of
the pharmacokinetics and metabolism of andrographolide is
essential to elucidate its pharmacological mechanisms and
therapeutic potential.

Liquid chromatography coupled with mass spectrometry
(LC/MS) is a cornerstone technique for the chemical analysis of
natural products,**™* and also has been extensively employed in
drug metabolism and pharmacokinetic research.***® In
a previous study, we developed an approach based on diag-
nostic product ions (DPI) and neutral loss fragments (NLF) that
led to the identification of 148 piperine metabolites in rats,
more than 90% of which were previously unreported.” For
andrographolide, an earlier investigation identified 13 metab-
olites in liver microsomes and highlighted notable interspecies
differences in metabolism across humans, dogs, and rats.*
Additionally, Yang et al. used LC/MS to assess the pharmaco-
kinetic behavior of andrographolide in rats, revealing its high
elimination rate."” Despite these advances, critical aspects of
andrographolide's in vivo absorption, excretion, and metabo-
lism remain poorly understood.'****! This incomplete elucida-
tion of its pharmacokinetic profile poses a substantial barrier to
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its further development as a therapeutic agent, particularly in
regard to efficacy validation and toxicity assessment.

In the present study, we conducted a comprehensive inves-
tigation to elucidate the pharmacokinetic behavior, excretion,
and metabolism of andrographolide in rats. The pharmacoki-
netic profile was initially characterized following both intrave-
nous and oral administration. Intravenous (IV) injection
revealed the high elimination nature, whereas oral (PO) dosing
resulted in limited systemic bioavailability. Furthermore,
systematic metabolite profiling demonstrated that androgra-
pholide was predominantly eliminated in metabolized form.
Notably, instability in the gastrointestinal tract was a possible
factor contributing to its limited oral absorption.

2. Materials and methods
2.1 Chemicals and reagents

Methanol and acetonitrile (LC/MS grade) were obtained from
Fisher Scientific (NJ, USA). Formic acid (LC/MS grade) was
purchased from Sigma-Aldrich (MO, USA). Deionized water was
purified using a Milli-Q water purification system (Millipore,
MA, USA). Andrographolide and bergenin (used as an internal
standard, IS) were supplied by DeSiTe Phytochemicals Co., Ltd
(Sichuan, China), both with a purity greater than 98% as
determined by HPLC-UV analysis.

2.2 Animal experiments

Nine male Sprague-Dawley (SD) rats (body weight: 220 + 20 g)
were obtained from SiBeiFu Experimental Animal Co., Ltd
(Beijing, China). The animals were housed under controlled
environmental conditions, including a temperature of 24 £+ 2 °©
C, relative humidity of 70 + 5%, and a 12 h/12 h light/dark cycle.
After a 3 days acclimatization period, the rats were randomly
assigned to three groups (n = 6 per group): intravenous
administration (IV, 2 mg kg ), oral administration (PO, 20 mg
kg™"), and control. All animals were fasted for 12 h with free
access to water prior to the experiment. The experimental
procedures were approved by the Animal Care and Use
Committee of Peking University and conducted in accordance
with the Guide for the Care and Use of Laboratory Animals
(National Research Council, 1996, USA).

2.3 Preparation of standard solution and quality control
solution

Appropriate amounts of andrographolide and the internal
standard (IS) were accurately weighed and separately dissolved
in methanol to prepare stock solutions at a concentration of
1 mg mL ", which were stored at 4 °C. The IS stock solution was
further diluted with methanol to obtain a working solution at
a concentration of 1 ug mL™". A series of working standard
solutions of andrographolide were prepared by serial dilution of
the stock solution with methanol. Calibration standards were
constructed by spiking appropriate volumes of the working
solutions into blank biological matrix to achieve effective
andrographolide concentrations of 2, 5, 20, 50, 200, 500, and
1000 ng mL™'. Quality control (QC) samples were prepared

© 2026 The Author(s). Published by the Royal Society of Chemistry
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similarly at low, medium, and high concentrations (5, 50, and
800 ng mL™Y).

2.4 Drug administration and biological samples preparation

2.4.1 Drug administration and sample collection. For IV
group, andrographolide was dissolved in a vehicle consisting of
10% DMSO and 90% hydroxypropyl-B-cyclodextrin at a concen-
tration of 2 mg mL~". For PO group, andrographolide was
suspended in 0.5% methylcellulose solution at 2 mg mL ™. The
IV group received a dose of 2 mg kg™ body weight, while the PO
group received 20 mg kg~ '. Blood samples (0.5 mL) were
collected from the suborbital venous plexus at 0.25, 0.5, 1, 2, 4,
8, and 24 h after drug administration. The samples were
centrifuged at 3500 rpm for 10 min to isolate plasma. Urine was
collected over the intervals of 0-4 h, 4-8 h, and 8-24 h following
oral administration. Feces were collected at 0-4 h, 4-8 h, 8-24 h,
24-32 h, and 32-48 h, and homogenized with a fourfold volume
of saline.

2.4.2 Sample preparation. Sample preparation for phar-
macokinetic and excretion studies was performed as follows: 20
pL of plasma, 50 pL of urine, or 50 pL of fecal homogenate was
aliquoted into 1.5 mL polypropylene tubes. Subsequently, 300
uL of IS working solution was added to each tube, and the
mixtures were vortex-mixed for 2 min and centrifuged at 13
500 rpm for 15 min. Approximately 250 uL of the supernatant
was carefully transferred to a fresh tube and evaporated to
dryness under a gentle stream of nitrogen. The residue was
reconstituted in 100 pL of 5% acetonitrile in water (v/v), vortex-
mixed for 2 min to achieve complete solubilization, and
centrifuged again at 13500 rpm for 15 min to remove any
insoluble precipitates. The supernatant was injected into the
LC/MS system for quantitative analysis of andrographolide.

For metabolism profiling, biological samples from the same
experimental group were pooled using the area-under-the-curve
(AUC) method to generate representative samples. Solid-phase
extraction (SPE) was subsequently utilized for protein precipi-
tation and sample purification. Prior to sample loading, each
SPE cartridge was preconditioned with 2 mL of methanol, fol-
lowed by 2 mL of deionized water to activate the sorbent.
Plasma or urine samples were then loaded onto the precondi-
tioned cartridges, which were subsequently rinsed with 3 mL of
deionized water and 3 mL of methanol. The final methanol
eluate was collected and evaporated to dryness under a gentle
stream of nitrogen at room temperature. The residue was
reconstituted in 100 pL of 5% acetonitrile in water (v/v), vortex-
mixed thoroughly, and centrifuged at 13 500 rpm for 15 min to
pellet any insoluble particulates. The resulting supernatant was
injected to LC/MS analysis.

2.5 Instrument and conditions

2.5.1 Pharmacokinetics and excretion study. Liquid chro-
matographic separation was performed on an Exion LC system
(Applied Biosystems/Sciex, USA) equipped with a binary pump,
a vacuum degasser, a multi-plate autosampler, and a thermo-
stated column compartment. Separation was achieved using
a Waters XSelect HSS T3 column (2.1 x 50 mm, 2.5 pm; Waters,
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Milford, MA, USA) maintained at 50 °C. The mobile phase
consisted of 0.1% formic acid in water (solvent A) and aceto-
nitrile (solvent B), delivered at a flow rate of 600 uL. min~ " under
the following gradient program: 0-0.2 min, 10% B; 0.2-1.0 min,
10-95% B; 1.0-1.5 min, 95% B; 1.5-1.6 min, 95-10% B; 1.6-
2.0 min, 10% B. The injection volume was 10 pL. The auto-
sampler was set at 4 °C.

Mass spectrometric detection was performed using an AB
SCIEX Triple Quad 5500 plus mass spectrometer utilized in
negative ionization mode. Optimized ion source parameters
were configured as follows: ion spray voltage, —4000 V; turbo
heater temperature, 450 °C; nebulizing gas (Gas 1), 50 psi;
heating gas (Gas 2), 50 psi; curtain gas, 30 psi; and collision gas,
12 psi. Quantification was performed via multiple reaction
monitoring (MRM) of the following transitions: m/z 395.0 —
331.1 for andrographolide and m/z 327.0 — 192.0 for IS. A dwell
time of 50 ms was assigned to each transition to ensure suffi-
cient signal-to-noise ratio for accurate quantification. Data
acquisition and processing were conducted using Analyst Soft-
ware (version 1.7.2).

2.5.2 Metabolism study. Liquid chromatography analysis
was performed using a Ultimate 3000 UHPLC system (Thermo
Fisher Scientific, MA, USA) equipped with a binary pump, an
autosampler, and a thermostated column compartment. Chro-
matographic separation was carried out on a Waters ACQUITY
BEH C18 column [2.1 x 100 mm, 1.7 pm; Waters Corporation,
Milford, MA, USA) maintained at 40 °C. The mobile phase
consisted of 0.1% formic acid in water (solvent A) and aceto-
nitrile (solvent B), delivered at a flow rate of 0.20 mL min "
under the following gradient program: 0-2 min, 5% B; 2-
15 min, 5-30% B; 15-17 min, 30-95% B; 17-19 min, 95% B. The
injection volume was 10 pL.

Mass spectrometric data were acquired using a Q-Exactive
hybrid quadrupole-Orbitrap mass spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA) equipped with a heated
electrospray ionization source operated in negative ion mode. A
data-dependent MS” acquisition method was employed with the
top five most intense precursor ions selected from each full MS
scan for fragmentation. Full MS scans were recorded at a reso-
lution of 70000 FWHM, and MS® spectra at 17 500 FWHM.
High-purity nitrogen was used as sheath gas (30 arbitrary units),
auxiliary gas (10 arbitrary units), and collision gas. A normalized
collision energy of 30% was applied. Dynamic exclusion was
enabled to avoid repeated fragmentation of abundant ions.
Additional source parameters were configured as follows: mass
scan range, m/z 50-800; spray voltage, 3.5 kV; capillary
temperature, 350 °C; heater temperature, 350 °C; and S-lens RF
level, 55 V.

2.6 Method validation

Selectivity was evaluated by comparing the MRM chromato-
grams of the blank biological matrix, the matrix spiked with IS
only, and the matrix spiked with both IS and andrographolide.
Linearity was assessed by constructing calibration curves in rat
matrix using the peak area ratio of andrographolide to IS (y)
versus the nominal concentration (x). A weighted (1/x”) least-
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squares linear regression model was applied. The lower limit
of quantification (LLOQ) was defined as the lowest concentra-
tion on the calibration curve that could be quantified with
acceptable accuracy and precision, i.e., within £20% deviation.

To assess the precision and accuracy of the developed
method, QC samples at three concentration levels (5, 50, and
800 ng mL ') were analyzed in five replicates for intra-day and
inter-day evaluations. Accuracy was expressed as the relative
error (RE, %), while precision was reported as the relative
standard deviation (RSD, %). Extraction recovery of androgra-
pholide was determined at each QC level by comparing the peak
area ratios (analyte to IS) of pre-extraction samples with those
post-extraction spiked samples. Matrix effects were assessed by
comparing the peak responses of post-extraction spiked
samples (A) with those of neat standard solutions at equivalent
concentrations (B), with results expressed as (4/B x 100%).
Storage stability in rat plasma was evaluated under three critical
conditions: room temperature (24 °C) for 4 h, autosampler
condition (4 °C) for 24 h, and long-term storage for 14 days (—80
°C).

2.7 Pharmacokinetic analysis

Pharmacokinetic parameters were derived using Phoenix Win-
Nonlin software (version 6.2; Pharsight Corporation, USA) via
a noncompartmental model. For the IV administration group,
the following parameters were estimated: initial plasma
concentration (Cy), area under the concentration-time curve
from zero to the last measurable time point (AUC,_,), area
under the curve from zero to infinity (AUC,_. ), elimination
half-life (Ty/,,), apparent volume of distribution (V4), mean
residence time (MRT), and total body clearance (CL). For the PO
administration group, the parameters included maximum
plasma concentration (Cyay), time to reach Crayx (Timax), AUCo_,
AUCy_ «, T1, and absolute bioavailability (F).

3. Results and discussion
3.1 Method validation

Representative MRM chromatograms of a blank plasma
sample, a blank sample spiked with the andrographolide only,
and a blank sample spiked with both IS and andrographolide
were presented in Fig. 1. The chromatograms demonstrate
a stable baseline and good resolution between andrographolide
and the IS, with no observable interference from endogenous
substances in their respective detection channels.

Calibration curves for andrographolide in plasma, urine,
and feces exhibited good linearity over the concentration range
of 2 to 1000 ng mL'. Each curve was constructed using
a weighted least-squares linear regression model with a 1/x*
weighting factor. The regression equations were as follows: y =
0.00138x +0.00374 (r = 0.9938) for plasma, y = 0.0354x — 0.0231
(r = 0.9947) for urine, and y = 0.0414x + 0.0367 (r = 0.9973) for
feces. The lower limit of quantification (LLOQ) exhibited accu-
racy within +20% relative error (RE), while all other calibration
standards (5-1000 ng mL™ ') demonstrated accuracy within
+15% RE.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Typical chromatograms of a blank biological sample (A), a blank biological sample spiked with andrographolide (B), and a blank biological

sample spiked with andrographolide and IS (C).

As summarized in Tables S1 and S2, the developed LC-MS/
MS method was comprehensively validated for intra-day/inter-
day precision, accuracy, matrix effects, and extraction
recovery. The intra-day precision (expressed as relative standard
deviation, RSD) was 9.32%, 5.28%, and 4.81% for low-, medium-
, and high-concentration quality control (QC) samples, respec-
tively. For inter-day precision, the RSD values were 10.24%,
9.27%, and 7.43% for the corresponding QC levels. The mean
accuracy for the three QC concentrations was 96.60%, 106.64%,
and 95.04%, respectively, reflecting reliable quantitation
performance. The mean recovery from spiked plasma samples
ranged from 87.54% to 98.45% across different concentration
levels, demonstrating consistent and efficient sample extrac-
tion. Matrix effects at the three QC levels ranged from 85.74% to
90.51%, with no significant ion suppression or enhancement
observed. The storage stability of andrographolide in rat plasma
was further verified, and the analyte was confirmed to be stable
for at least 4 h at room temperature (24 °C), 24 h in the auto-
sampler (4 °C), and 14 days under long-term storage conditions
at —80 °C.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Collectively, these validation data confirm that the estab-
lished LC-MS/MS method is robust, accurate, and precise, and
thus suitable for the quantitative determination of androgra-
pholide in rat plasma for pharmacokinetic analysis.

3.2 Pharmacokinetics and excretion studies

The developed LC/MS method was applied to investigate the
pharmacokinetics and excretion of andrographolide following
drug administration. Pharmacokinetic parameters derived from
noncompartmental analysis were summarized in Table 1, and
the mean plasma concentration-time profiles (n = 6) were
illustrated in Fig. 2A.

After IV administration, the plasma concentration of
andrographolide underwent a rapid decline, falling below the
LLOQ within 2 hours. Key PK parameters included: T, = 0.18 £
0.028 h, MRT = 0.16 + 0.024 h, AUC,_, = 133 + 15.5 hng mL™?,
Vq=2.40 £0.25 Lkg ™", Co = 845 £ 55.9 ng mL ™', and CL¢ya1 =
249 + 28.4 mL min~ ' kg~'. These data confirm a short in vivo
time and rapid elimination of

residence systemic
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Table 1 Pharmacokinetics parameters of andrographolide in rats

Parameters v PO
Dosage (mg kg ™) 2 20
Tpnax (1) — 1.67 + 2.02
Co (ng mL™) 845 + 55.9 —
Cmax (ng mL ™) — 98.9 + 23.2
AUGC,_; (hr x ng mL ™) 133 4 15.5 480 + 47.7
AUC;iy¢ (hr x ng mL™") 135 £ 16.2 618 + 6.74
Va (Lkg™) 2.40 + 0.25 —
Ty, (hr) 0.18 £ 0.028 3.22 £ 0.71
MRT (hr) 0.16 £ 0.024 —
CL (mL min~* kg ™) 249 + 28.4 —
F (%) — 36.1 + 3.59

andrographolide, consistent with previous reports."”” Mecha-
nistically, andrographolide is a known substrate of P-
glycoprotein (P-gp),?* an efflux transporter highly expressed in
hepatocytes.”® P-gp mediates the active efflux of andrographo-
lide into bile or the intestinal lumen, increasing apparent
clearance independent of metabolic degradation—an effect that
contributes to the observed high CL,1. Additionally, the short
Ty, aligned with the pharmacokinetic equation Ty, = (0.693 x
Va)/CLyotal, reflecting the combined effects of a small V4 (limited
peripheral tissue distribution) and rapid elimination.

Following PO administration, plasma concentrations of
andrographolide remained low, with the following PK param-
eters: Cpax = 98.9 = 23.2 ng mL’l, Ty, = 3.22 + 0.71 h, AUC,_,
=480 4+ 47.7 h ng mL ™, and F = 36.1 + 3.59%. Notably, the
time to reach Cpax (Tmax) €xhibited substantial variability (1.67
=+ 2.02 h), possibly attributed to inter-individual differences in
gastrointestinal transit time, intestinal P-gp expression levels,
and gut microbiota composition—all of which regulate pre-
absorptive  sulfation absorption of
andrographolide.

The cumulative excretion recovery of andrographolide in rat
urine and feces following IV administration was illustrated in
Fig. 2B. In urine, excretion was predominantly observed within
the first 5 hours post-dosing, with 0.075% of the administered

and kinetics
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parent drug recovered over 24 hours. For feces, the most
substantial excretion of parent drug occurred within the first 24
hours, with a total recovery of 1.51% over 48 hours. The phar-
macokinetic and excretion data demonstrated that androgra-
pholide was probably exhibited extend metabolism in vivo.
Consequently, a detailed investigation of andrographolide's
metabolic fate was critical for a comprehensive understanding
of its in vivo disposition and clearance mechanisms.

3.3 Workflow to characterize andrographolide metabolites

3.3.1 Sample pretreatment and MS data-acquisition.
Pooled samples were prepared using the AUC pooling
method,*>*® where sample volumes from individual time points
were combined proportionally according to time-interval ratio
formula: vi: vy: .ov, = (8 = t0): (b — t0): (E3 — t1)r oot (E — Enq1)- A
data-dependent acquisition strategy combined with dynamic
exclusion (apex trigger: 3 s; exclusion duration: 10 s) was
employed to maximize coverage of fragment spectra. Parallel
reaction monitoring was additionally used as a complementary
approach to capture MS/MS data of low-abundance ions.
Collectively, these settings ensured the acquisition of compre-
hensive and high-quality MS/MS data for subsequent structural
interpretation.

3.3.2 MS/MS fragmentation behaviors of andrographolide.
The MS/MS fragmentation pattern of andrographolide was
systematically characterized to enable structural identification
of its metabolites (Fig. 3). Andrographolide exhibited an
enhanced ion response in negative mode, a property attribut-
able to its intrinsic hydroxyl moieties that facilitate facile
deprotonation of the parent molecule. In the full-scan MS
spectrum, the predominant ions observed were the [M +
HCOOH-H] ™ adduct at m/z 395.2068 (C,,H3,05, error 0.91 ppm)
and the deprotonated molecule [M-H]|  at m/z 349.2015
(C0H290s5, error 1.60 ppm). MS/MS analysis of m/z 349.2015
revealed major fragment ions corresponding to the loss of H,O
yielding [M-H-H,O]™ at m/z 331.1907 (CyoH,,0,4, error 1.04
ppm), followed by the elimination of CO,, giving rise to [M-H-
H,0-CO,]  at m/z 287.2008 (C19H,,0,, error 0.78 ppm).

2

—e— |V 2mg/kg
—%= PO 20mg/kg

600

Plasma Concentration (ng/mL)

Time (hr)

Urinary excretionrate (%)

Fecalexcretion rate (%)

B
0.08 (B)
0.06
0.04
0.02
0 L L
0 5 10 15 20 25 30
2 -
0 5 10 15 20 25 30 35 40 45 50
Time (h)

Fig. 2 The mean plasma concentration—time curves of andrographolide after drug administration (A), and cumulative excretions (B) of

andrographolide in urine and feces after IV administration.
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Fig. 3 The MS/MS spectra (A) and proposed mass fragmentation behaviors (B) of andrographolide in the negative ion mode.

3.3.3 MS/MS fragmentation behaviors of sulfated metabo-
lites. Sulfation has been established as a major metabolic
pathway for andrographolide in vivo.***** In MS/MS analysis,
sulfated metabolites are inherently prone to fragmentation
within electrospray ionization source and yielded characteristic
fragment ions. In the present study, the MS/MS fragmentation
patterns of known sulfated metabolites were systematically
examined (Fig. 4). Based on the sulfation sites, these conjugates
were classified into four categories: C3-, C12-, C14-, and C19-
sulfated derivatives. Among these derivatives, sulfation at the
C12 and C14 positions was designated as C-sulfation, whereas

sulfation at the C3 and C19 positions was classified as O-
sulfation.

M13, a well-characterized and validated C12-sulfated
metabolite, served as a representative for C-sulfated metabo-
lites.”* In negative ion mode, its MS/MS spectrum displayed
a fragment ion at m/z 79.96, accompanied by a neutral loss of
82 Da (Fig. 4A). This spectral feature indicated a homolytic C-S
bond cleavage mechanism. In contrast, sulfation at the C14
position, as observed in metabolite M28, resulted not only in
the characteristic neutral loss of 82 Da but also a prominent
fragment ion at m/z 80.96 (Fig. 4D).”* This pattern indicated
a shift toward heterolytic cleavage of the C-S bond, likely

w ® o H
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Fig. 4 The MS/MS spectra and pathway of representative sulfation metabolites. C-sulfated species at C-12 and C-14 are shown in (A) and (C),
respectively, whereas O-sulfated species at C-3 and C-19 are shown in (B) and (D), respectively.
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influenced by the presence of electron-donating substituents
near the sulfation site.

M1 represented a characteristic O-sulfated conjugate
sulfated at C3, with an additional sulfate group at C12
(Fig. 4B).** In addition to the fragment ion at m/z 79.96 derived
from C12-sulfate cleavage, the sulfate moiety at C3 underwent
aneutral loss of 80 Da, yielding a prominent [M-H-80]~ product
ion. Furthermore, a distinct m/z 96.96 fragment ion was detec-
ted, corresponding to the bisulfate anion ([HSO,] ). It was
proposed to form via C-O bond cleavage at the sulfation site,
coupled with proton transfer from the B-carbon of the parent
scaffold. In contrast, M9 was a prototypical C19 O-sulfated
conjugate, representative of aliphatic alcohol sulfate deriva-
tives, in which the sulfate moiety was linked to an sp*-hybrid-
ized carbon atom (Fig. 4C).>”2® Its MS/MS spectrum featured an
m/z 96.96 fragment ion, consistent with [HSO,]|~ formation via
C-0O bond cleavage of the C19 sulfate moiety. An m/z 80.96
product ion was also detected in the spectrum, which feature
corroborated previous findings, and was further validated using
a synthetic analog of the metabolite (Fig. S1).

3.3.4 Prediction rules for differentiating sulfation sites of
andrographolide metabolites. For each subclass of androgra-
pholide sulfated conjugates, a predominant fragmentation
pathway was observed in negative ion mode, which generated
distinct structural signatures comprising diagnostic product
ions (DPIs) and characteristic neutral loss fragments (NLFs).*
Our findings demonstrated that the fragmentation profiles of
these conjugates were highly dependent on the local structural
microenvironment of the sulfation sites on the andrographolide
scaffold. Accordingly, the specific sulfation position could be
unambiguously deduced by integrating these characteristic
fragmentation patterns and diagnostic signature ions. To
establish a definitive structure-fragmentation relationship for
andrographolide sulfated conjugates, we herein proposed a set
of predictive fragmentation rules (Fig. 5).

M354 | RSC Adv, 2026, 16, 11348-11360

(1) 1f a DPI is observed at m/z 96.97 is detected, the metab-
olite is identified as an O-sulfate conjugate.

(1.1) If a NLF of 80 Da is observed in the absence of other
sulfate-associated fragment ions, the sulfate moiety is
predominantly localized at the C3 hydroxyl group (C3-OH).

(1.2) If an additional fragment ion at m/z 80.96 is detected,
sulfation likely occurs at an aliphatic alcohol site (e.g., the C19
hydroxyl group, a site bearing a B-hydrogen on an sp>-hybrid-
ized carbon atom.

(2) If a DPI at m/z 96.97 is absent or present at low relative
abundance (<5% relative intensity), the metabolite is catego-
rized as a C-sulfated conjugate.

(2.1) If m/z 79.96 represents the predominant sulfate-
associated fragment ion, occasionally accompanied by a NLF
of 82 Da, sulfation is assigned to the C12 position.

(2.2) If m/z 80.96 is the major sulfate-associated fragment
ion, along with an occasional NLF of 82 Da, the sulfate moiety is
assigned to the C14 position.

3.4 Identification of andrographolide metabolites

A total of 39 metabolites, including the parent drug, were
identified in rats following the administration of androgra-
pholide. Of these analytes, 5 were detected in urine, 39 in fecal
matrices, and 11 in plasma (Fig. 6), which depicted the distri-
bution profile of all identified analytes across the biological
matrices. Detailed analytical and structural characteristics—
including retention time, mass spectral data, and metabolic
modification types—for each identified analyte were summa-
rized in Table 2.

3.4.1 Characterization of C-sulfated conjugates. Four
metabolites, namely M13 (retention time 7.57 min), M26 (9.56
min), M28 (10.25 min), and M32 (11.12 min), shared the iden-
tical deprotonated molecular ions at m/z 413.17 (CyoH3005S,
error < 1 ppm). In their MS/MS spectra, M13 and M26 displayed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a DPI at m/z 79.96, whereas M28 and M32 yielded a DPI at m/z
80.96. Applying the established MS-based fragmentation work-
flow for sulfation site discrimination, all four metabolites were
identified as C-sulfated conjugates. Specifically, M13 and M26
were assigned to C12-sulfated conjugates, and M28 and M32
was C14-sulfated conjugates. This structural interpretation was
further validated by the observed NLF of 82 Da (m/z 413.16 —
331.19), a hallmark fragmentation of C-sulfated andrographo-
lide derivatives. The deduced aglycone moiety of these conju-
gates was 334 Da, corresponding to a 16 Da mass reduction
relative to the parent andrographolide, which indicated a deox-
ygenation modification on the parent scaffold. These assign-
ments were consistent with four previously structurally
elucidated metabolites isolated from rat intestinal contents,
while deoxygenation occurred at the C14 position.*® This
consistency thus corroborated the accuracy and practical
applicability of the established MS-based workflow for the
unambiguous discrimination of sulfation sites on the androg-
rapholide scaffold.

Metabolite M19 was eluted at 8.23 min and exhibited
a deprotonated molecular ion at m/z 427.1431 (C,oH,,04S, error
1.09 ppm). Its MS/MS spectra displayed a dominant DPI at m/z
79.96, indicative of a C-sulfated conjugate, with the sulfation
site likely situated at C12. This assignment was corroborated by
a NLF of 82 Da, corresponding to the mass transition m/z 427.14
— 345.14. The aglycone moiety was deduced to be 348 Da,
representing a 2 Da mass reduction relative to the parent
andrographolide. Collectively, these mass spectral features
enabled the identification of M19 as a dehydrogenated and C12-
sulfated metabolite of andrographolide. To the best of our
knowledge, M19 represented a previously unreported novel
metabolite, which underscored the efficacy and practical
applicability of the established MS-based analytical workflow in
the discovery of novel sulfated andrographolide derivatives.

Five sulfated metabolites—M4 (retention time 6.72 min), M8
(7.03 min), M17 (8.01 min), M20 (8.34 min), and M30 (10.46
min)—exhibited identical deprotonated molecular ions at m/z
431.17, corresponding to the molecular formula C,,H3;0sS
(error < 1 ppm). In their MS/MS spectra, all metabolites except
M30 produced DPI at m/z 80.96, suggesting C-sulfation at the
C14 position. This structural assignment was further corrobo-
rated by a consistent NLF of 82 Da (m/z 431.17 — 349.20). The
aglycone moieties of M4, M8, M17, and M20 were deduced to be
352 Da-2 Da greater than that of the parent compound—indi-
cating the occurrence of reduction.'® Based on the established
fragmentation workflow, an additional 17 C-sulfated metabo-
lites were successfully identified, further expanding the reper-
toire of structurally characterized sulfated metabolites of
andrographolide in rats.

3.4.2 Characterization of O-sulfated conjugates. Four bis-
sulfated metabolites—M1 (retention time: 4.09 min), M5 (6.74
min), M12 (7.40 min), and M21 (8.52 min)—shared a deproto-
nated molecular ion at m/z 493.12, corresponding to the
molecular formula C,yH,90,0S,, and confirming the presence of
two sulfate moieties (a bis-sulfation modification) on the
andrographolide scaffold. For M1, its MS/MS spectrum di-
splayed a DPI at m/z 79.96, indicative of C-sulfation at the C12

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The extraction ion chromatograms of andrographolide metabolites in rat plasma, urine, and feces.

position. Additionally, a DPI at m/z 96.96 and a NLF of 80 Da (m/
z 493.12 — 413.16) were observed, consistent with O-sulfation
at the C3 hydroxyl group. In contrast, M5, M12, and M21 all
yielded a DPIs at m/z 80.96, a signature feature confirming C-
sulfation at the C14 position. Likewise, the co-occurrence of
a DPI at m/z 96.96 and a NLF of 80 Da (m/z 493.12 — 413.16)
supported an additional O-sulfation modification at the C3-OH
site. The aglycone moieties of all four metabolites were deduced
to be 334 Da, representing 16 Da less than that of the parent
compound, suggesting the occurrence of deoxygenation. The
sulfation sites inferred from these fragmentation patterns were
consistent with those unequivocally confirmed by NMR in
a previous report,* further validating the accuracy and appli-
cability of the proposed MS-based structural elucidation
workflow.

Two metabolites, M9 (retention time: 7.16 min) and M27
(9.92 min), exhibited deprotonated molecular ions at m/z
429.16, corresponding to the molecular formula C,oH,905S
(error < 1 ppm). Their MS/MS spectra displayed DPIs at m/z
96.96 and 80.96, indicative of an O-sulfate ester located at the
aliphatic alcohol group (C19 position). Based on these spectral
features, M9 and M27 were identified as C19 O-sulfated conju-
gates of andrographolide.'® Three additional metabolites—M2
(4.42 min), M16 (7.94 min), and M24 (9.12 min)—shared
deprotonated ions at m/z 449.18 (C,0H3304S, error < 1 ppm). For
M16, its MS/MS spectrum showed a DPI at m/z 96.96 and a NLF
of 80 Da (m/z 449.18 — 369.23), consistent with O-sulfation at
the C3 hydroxyl group. Likewise, M24 yielded DPIs at m/z 96.96
and 80.96, confirming O-sulfation at the C19 aliphatic alcohol.
In contrast, M2 was characterized as a C-sulfated conjugate at
C14 based on established fragmentation rules. The aglycone
moieties of all three metabolites exhibited a molecular weight of
370 Da, which was 20 Da higher than that of the parent drug,

© 2026 The Author(s). Published by the Royal Society of Chemistry

implying the occurrence of combined di-reduction and oxida-
tion modifications. In total, twelve metabolites were confirmed
to undergo O-sulfation, with six sulfated at C3 and the other six
at C19.

3.4.3 Characterization of other metabolites. In addition to
sulfation, andrographolide underwent additional phase II
biotransformation modifications, expanding its in vivo meta-
bolic diversity. For instance, M37 exhibited a deprotonated
molecular ion at m/z 525.2697 (C,,H,4104,, error 0.55 ppm) and
was eluted at 14.18 min. It was 176 Da higher than that of the
parent drug, suggesting glucuronidation. Thus, M37 was
tentatively identified as andrographolide glucuronide conju-
gate. Similarly, M38 showed an [M-H]  ion at m/z 525.2697
(C37H41040, error 0.55 ppm) with a retention time of 15.90 min.
Its MS/MS spectrum exhibited a neutral loss of 176 Da (m/z
507.22 — 331.19), confirming the glucuronide conjugation. The
aglycone core of M38 was deduced to be 332 Da, indicating an
additional dehydration modification. Therefore, M38 was
characterized as a dehydrated and glucuronidated metabolite of
andrographolide. Sulfated metabolites were also found to
undergo subsequent glycosylation. For example, M3, M10, and
M15—all identified as C14-sulfated derivatives—displayed
a neutral loss of 132 Da (m/z 463.23 — 331.19), indicative of
a pentosyl moiety. The aglycone molecular weight was inferred
to be 352 Da, implying the occurrence of a reduction reaction.
Accordingly, these metabolites were preliminarily identified as
pentosylated, C14-sulfated, and reduced derivatives of
andrographolide.

3.5 Proposed metabolic pathways of andrographolide

The proposed metabolic pathways of andrographolide,
summarized in Fig. 7 based on the 39 identified metabolites,
revealed three principal types of biotransformation. As
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Fig. 7 The proposed metabolic pathways of andrographolide in rat urine, plasma, and feces.

alabdane diterpenoid lactone, andrographolide first underwent
primary metabolic reactions including deoxygenation (e.g.,
M39), reduction, oxidation, dehydrogenation, and dehydra-
tion.’* These metabolites often acted as intermediates for
subsequent Phase II conjugation. The second pathway involves
sulfation, which occurs in two distinct forms: C-sulfation and O-
sulfation. C-sulfation took place predominantly at C12 and C14.
Notably, sulfation at C14 (e.g., in M28) was generally preceded
by dehydration modification, whereas sulfation at C12 (e.g,
M13) proceeded without prior dehydration. In contrast, O-sul-
fation mainly targeted the hydroxyl groups at C3 (e.g., M6) and
C19 (e.g., M11). The third metabolic route was glycosylation,
which included both unconjugated glucuronides (e.g., M37,
M38) and dual-conjugated metabolites bearing both sulfate and
glycosyl groups (e.g., M3, M7).

Collectively, both C- and O-sulfation represented the most
structurally diverse metabolic routes for andrographolide in
rats. A panel of sulfated conjugates, including M13, M26, M28,
and M32, were previously unequivocally identified as C-sulfated
derivatives of andrographolide via nuclear magnetic resonance
spectroscopy.”® Notably, a subset of these sulfated conjugates
was generated via an HSO; -dependent chemical sulfation
process rather than sulfotransferases, which implicated
a potential contributory role of the gut microbiota in their
biogenesis.”>** However, due to the absence of a bile duct-
cannulated animal model in the current investigation, it was
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not possible to definitively distinguish between the systemic
circulation-derived and intestinal microbiota-mediated
biogenesis of sulfated conjugates in vivo. This represented
a key experimental limitation to fully elucidating the tissue- and
microbe-specific origins of andrographolide sulfation in rats.

Although in vivo metabolic profiles of andrographolide in
humans have been previously reported in the litera-
ture,'®>*?1243132 these characterized profiles are predominantly
restricted to urinary matrices, with limited data available for
other biological matrices. In contrast, the metabolites charac-
terized in rats in the present study, with sulfated conjugates as
the predominant class, were primarily detected in fecal
matrices. These findings highlight the presence of striking
matrix-dependent interspecies metabolic disparities between
humans and rats. Accordingly, a rigorous, quantitative inter-
species metabolic comparison of andrographolide necessitates
the acquisition of complementary human metabolic profiling
data, most critically comprehensive fecal metabolic profiles that
mirror the matrix analyzed in the current rat study.

4. Conclusion

The present study provides a comprehensive and systematic
characterization of the in vivo pharmacokinetic profile and
metabolic fate of andrographolide in rats. Pharmacokinetic

analysis revealed that andrographolide underwent rapid

© 2026 The Author(s). Published by the Royal Society of Chemistry
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systemic elimination and exhibited moderate oral bioavail-
ability. Notably, andrographolide underwent
biotransformation in vivo, with a total of 39 analytes identified.
Among these, 34 sulfated conjugates were detected, establish-
ing sulfation as the most structurally diverse metabolic pathway
of andrographolide in rats. By leveraging the established DPI/
NLF-guided LC-MS/MS fragmentation workflow, we success-
fully and unambiguously elucidated four specific sulfation
modification sites: O-sulfation at the C3 and C19 hydroxyl
groups, and C-sulfation at the C12 and C14 positions of the
andrographolide scaffold. Consistent with previous reports, all
sulfated conjugates were detectable in fecal samples, indicating
that their biogenesis may be mediated by gut microbiota—an
inference that requires further experimental validation. These
findings offer valuable insights into the disposition mecha-
nisms of andrographolide and underscore the importance of
addressing metabolic stability and its future development as
a therapeutic agent.
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