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* This study presented the first comprehensive Mendelian randomization evi-
dence on the vascular toxicity of IN.

e Urate was identified as a mediator between IN (exposure) and DVT
(outcome).

e It is proposed that the particulate characteristics of IN contributes to the
toxicity and three key improvements in the traditional processing of IN are
recommended.
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In brief

For the first time, this study compre-
hensively presents Mendelian rand-
omization evidence demonstrating the
toxic effects of the active pharmaceu-
tical ingredients in the herb indigo
naturalis (IN). Specifically, it high-
lights a significant risk of deep vein
thrombosis (DVT) mediated through
the aryl hydrocarbon receptor (AhR).
Moreover, urate was identified as a
mediator between IN and DVT, exhib-
iting a mild mediation effect of 7.3%.
These findings raise two important
questions. First, does AhR upregulate
xanthine oxidase or downregulate uric
acid transporters, thereby contribut-
ing to the inflammatory processes
underlying DVT? Second, does Ca?*
released from IN particles activate
pro-inflammatory effects via calcium-
sensing receptor?
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Understanding Vascular Toxicity of
Indigo Naturalis in Anti-Inflammatory
Applications: Mendelian Randomization
and Co-localization Study

Jie Liu'2*, Chengjian Liu3, Haitao Xiao* and Zhiping Xu'

Abstract

Background: Indigo naturalis (IN), a traditional Chinese herbal medicine, shows promising potential for
treating autoimmune inflammatory diseases. However, its clinical translation and application are being lim-

ited by concerns regarding vascular toxicity.

Methods: Mendelian randomization (MR) and colocalization analyses were conducted to systematically
investigate the target-specific vascular risks associated with IN.

Results: Causal associations were identified between four targets of IN and multiple vascular disorders, includ-
ing deep vein thrombosis (DVT) (OR = 1.001, 95% CI = 1.003-1.000, P = 0.008), among others. Notably,
urate was identified as a mediator between IN and DVT, exhibiting a mild mediation effect (7.3%, P = 0.048).
Conclusion: For the first time, the causal effects of IN on vascular toxicity were demonstrated using MR.
This study provides insights into the safety implications of IN for anti-inflammatory applications, which
would facilitate evidence-based research on IN and its clinical translation.
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Introduction

Indigo naturalis (IN [Qing Dai in Chinese])
is a well-established anti-inflammatory
herb used in traditional Chinese medi-
cine (TCM) for the treatment of autoim-
mune inflammatory disorders, including
psoriasis and ulcerative colitis (UC) [1].
As such, the clinical translation of IN has
attracted considerable research efforts but
is slowed by the poor understanding on
IN-associated vascular toxicity [2-6]. The
toxicity of IN is typically manifested in the
form of portal vein thrombosis (PVT) [4]
and pulmonary arterial hypertension (PAH)
[7, 8] in multiple clinical trials and prac-
tices but the underlying mechanism has not
been established. Therefore, a comprehen-
sive understanding of the severe IN toxicity
is warranted to facilitate a translation study
involving IN.

Bis-indole alkaloid indigo (ING) and
the ING isomer (indirubin [INB]) are the
major organic components of IN (4% and
0.13%, respectively) and have been recog-
nized as the active pharmaceutical ingre-
dients (APIs) against psoriasis and UC

by a TCM expert consensus [1]. ING and
INB are potent agonists of the aryl hydro-
carbon receptor (AhR) that participates
in immunologic and metabolic regulation
[1]. Moreover, INB is the antagonist for
three types of kinases, i.e., fms-like tyros-
ine kinase 3 (FLT3) [9, 10], cyclin-de-
pendent kinases (CDKs), and glycogen
synthase kinase-3 (GSK-38) [1, 11-13].
Therefore, we propose a hypothesis that
IN-associated vascular toxicity is linked
to the ING and INB targets, as reasoned
below. Both alkaloids can elicit a pro-in-
flammatory effect by activating the AhR/
CYPI1A1 metabolic axis [8, 14] and subse-
quently promoting reactive oxygen species
(ROS) production and NLRP3 activation
[15, 16]. Notably, these adverse effects can
be realized via the uptake of INB particles
by macrophages within Peyer’s patches
[15]. In addition, INB can cause inflam-
mation due to potent cytotoxicity by inhib-
iting CDKs and GSK-3B [1, 11-13, 15,
17]. In fact, INB has been used in China
clinically to kill leukemia cells since 2002
for the treatment of chronic myelocytic
leukemia [18]. Vascular conditions are
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strongly associated with oxidative stress and inflammation
[19, 20], which are linked to the biological effect of the
three IN targets described above. Moreover, INB can dis-
rupt some vascular repair functions by deactivating FLT3
because FLT3 mediates differentiation of hematopoietic
progenitor cells [9] and development and maintenance of
dendritic cells [10]. Taken together, these risk factors sug-
gest that exposure to INB/ING would cause vascular toxic-
ity by interacting with INB/ING targets, i.e., AhR, CDKs,
GSK-3p, and FLT3. To date, the evidence supporting the
hypothesis remains limited to one preclinical study involv-
ing the toxic effect of AhR activation by IN [8].

Mendelian randomization (MR) has emerged as a promis-
ing tool for drug safety prediction in pharmaceutical devel-
opment as a prominent alternative to randomized controlled
trials (RCTs) [21, 22]. The key advantages of MR include
substantially reducing biases from reverse causation and
residual confounding using genome-wide association study
(GWAS) data [23, 24]. Briefly, MR enables a causal infer-
ence between drug exposure and toxicity risk by leveraging
genetic variants associated with gene expression of drug tar-
gets (e.g., AhR, CDKs, GSK-3f, and FLT3) and phenotypic
outcomes (e.g., vascular risks).

To the end, this work used MR to determine whether
changes in gene expression of ING and INB targets (i.e.,
AhR, CDK1-20, GSK-3f, and FLT3) causally effect vas-
cular risks. In this study it was hypothesized that there is a
causal effect of AhR, CDK1-20, GSK-3f3, and FLT3 expres-
sion on 30 vascular risks. AhR, FLT3, and CDK4/6/16
expression was shown to support a causal effect (P < 0.05)
on multiple vascular risks using 2-sample MR and genetic
co-localization analysis. Furthermore, MR indicated that
urate mediates one vascular risk (i.e., deep venous throm-
bosis [DVT]) through AhR activation upon IN exposure.
This novel work comprehensively provided MR evidence
for causal effects of IN APIs (i.e., ING and INB) on vascular
toxicity.

Methods

Study design and dataset description

As the primary analysis, MR was used to examine the
following: the effects of ING/INB target gene expres-
sion on vascular risk. Upon identifying MR evidence of
a causal effect, co-localization analysis was performed
to confirm that exposure and outcomes are regulated by
the same causal variants. The mediation effect was fur-
ther investigated by screening metabolites, immune cells,
and gut bacteria to identify potential biological mediators
that explain the causal pathway between IN exposure and
vascular outcomes. All GWAS summary statistics were
derived from cohorts of European ancestry to minimize
population stratification bias, as listed in Table S1, includ-
ing 30 vascular conditions and 23 quantitative trait loci
(eQTL) of gene expression (AhR, FLT3, GSK-3pB, and
CDKI-CDK20).

Selecting drug targets

Gene targets for ING and INB were collected from refer-
ences [12, 13]. The eQTL datasets of the target genes (AhR,
FLT3, GSK-3, and CDK1-20) are listed in Table S1.

Two-sample MR and mediation MR
analyses

The inverse variance weighted (IVW) MR method was
selected as the main MR analysis method. Two-sample
MR with an MR-based platform (P = 5 x 107°) [25], where
Mendelian Randomization Pleiotropy Residual Sum and
Outlier (MR-PRESSO) was used. Multiple testing correc-
tion of the IVW results was carried out using the Benjamini-
Hochberg method with a false discovery control level (o
= 0.05) [26, 27]. The mediation effect was examined by
screening metabolites, immune cells, and gut bacteria (P =
5 x 107) with GWAS summary datasets in the IEU GWAS
database [28].

Sensitivity analysis

Several sensitivity analyses were performed to determine the
presence of pleiotropy and heterogeneity. Pleiotropy analy-
sis was mainly based on the MR-Egger intercept and het-
erogeneity tests using Cochran’s Q statistics. A significant
MR-Egger intercept test (P < 0.05) was interpreted as evi-
dence of directional pleiotropy.

Co-localization analysis

Co-localization analysis was performed using R package
Coloc (version 3.2-1) [29]. Variants £ 100 kb of the refer-
ence variant were included. The 1000 Genomes v3 European
ancestry dataset was used as the LD reference panel.
Evidence for co-localization was defined as a posterior prob-
ability > 0.8.

Results

Effect of ING/INB targets on vascular
risks

MR was performed with 30 vascular conditions as outcomes
and 23 ING/INB targets (AhR, FLT3, GSK-3f3, and CDK1-
CDK20) as exposures at the P =5 x 107 level (Figure 1A).
This relatively lenient criterion (P = 5 x 107°) was adopted
for the purpose of increasing the number of available instru-
mental variables while ensuring validity, thereby enhanc-
ing the statistical power of the study. MR evidence of the
causal effects of AhR, FLT3, and CDK4/6/14 expression
on five vascular disorders was demonstrated after applying
Benjamini-Hochberg correction (Tables 1 and S1-S6).
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Figure 1

on exposure

MR results at the P = 5 x 105 level. (A) Heatmap of MR results with eQTLs of ING/INB target genes (exposure) and 30 vascular

risks (outcomes); (B) Summary of MR results indicative of a causal effect of ING/INB exposure on vascular toxicities; (C) Scatter plot of MR
results. CIHD: chronic ischemic heart disease; CAD: coronary artery disease; CoA: coronary atherosclerosis; DVT: deep venous thrombo-
sis; PE: pulmonary embolism; AET: arterial embolism and thrombosis; PVT: hemorrhoids and perianal venous thrombosis; PAD: peripheral
artery disease; PAS: peripheral atherosclerosis; HC: high cholesterol; IS: ischemic stroke; CIT: carotid intima-media thickness; CeA: cerebral
atherosclerosis; CHF: chronic heart failure; HF: heart failure; MI: myocardial infarction; HCM: hypertrophic cardiomyopathy; DC: dilated cardi-
omyopathy; CM: cardiomyopathy; NICM: non-ischemic cardiomyopathy; HHD: hypertensive heart disease; PR: polymyalgia rheumatic; RHD:
rheumatic heart disease; CVD: cardiac valvular disease; RVD: rheumatic valve disease; VHD: valvular heart disease; AF: atrial fibrillation; EC:

endocarditis.

Table 1 Results of MR Analyses with ING/INB as Exposures and Vascular Risks as Outcomes (P = 5 x 1075).
Exposure Outcome P Value Threshold Number of B Causality Significance
SNPs (P Value)
ING/INB — AhR DVT 5x 105 8 0.0018 0.0075
INB — FLT3 AET 5x 105 4 —-0.7687 0.0405
INB — CDK4 RE 5x 105 2 —-0.0033 0.0472
INB — CDK6 CHF 5x 105 9 —-0.1500 0.0158
INB —» CDK14 HHD 5x 105 5 —-0.3768 0.0255

DVT: deep venous thrombosis; AET: arterial embolism and thrombosis; PE: pulmonary embolism; CHF: chronic heart failure; HHD: hyper-

tensive heart disease.

Specifically, MR demonstrated a positive effect of AhR
expression on DVT (B =0.001787) but a negative effect on
dilated cardiomyopathy (DC) and cardiac valvular disease
[CVD] (Figure 1A and Table 1). These data indicated that
ING/INB potentially exert a pro-thrombotic effect as an
AhR receptor agonist. Furthermore, co-localization anal-
ysis confirmed the AhR QTL and ING/INB exposure out-
come (DVT) share the same causal variant (H4 = 0.91), as
shown in Figure 2 and Table S7, which corroborates the
putative causal effect of the exposure (ING/INB—AhR)
on DVT.

In addition, MR displayed a negative effect of FLT3
expression on arterial embolism and thrombosis [AET] (B
= —0.7687) but a positive effect on ischemic stroke (IS).
These data suggested that INB potentially leads to AET as
an FLT3 receptor antagonist. Similarly, CDK4/6/14 expres-
sion was shown to be inversely associated with pulmonary
embolism [PE] (B = —0.003284), congestive heart failure
[CHF] (B = —0.15), and hypertensive heart disease [HHD]
(B =-0.3768), respectively (Figure 1B and Table 1). These
results indicated that ING/INB have the potential to cause
PE, CHF, or HHD as a CDK receptor antagonist.

4
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Figure 2 Co-localization analysis. Regional plots for the AhR eQTL association with DVT within + 100 kb of AhR (GRCh37/hg19 by Ensembl,

Chr7:17,338,246-17,385,776).

Sensitivity analysis was used to correct the issues of plei-
otropy and heterogeneity. Cochran’s Q-test and funnel plot
showed no evidence of heterogeneity and asymmetry (Table
S8). The MR-Egger intercept showed weak evidence of plei-
otropy at the directional level (Table S8). Potential horizontal
pleiotropy was not detected using the MR-PRESSO global
test (Table S8). In addition, the effect of each single nucle-
otide polymorphism (SNP) on the overall causal estimates
was verified by leave-one-out analysis (Table S8), indicating
that all SNPs were calculated to make the causal relationship
significant.

Notably, no MR evidence demonstrated a causal effect of
GSK-3pB on 30 vascular disorders at a P = 5 x 107. Thus,
GSK-3f was not included in the analysis.

Mediation effect

The mediation effect was studied by screening metabolites,
immune cells, and gut bacteria using two-sample MR. Urate
was identified as a potential mediator between AhR and DVT
(Table S9). The indirect effect of urate was estimated to be
0.0001295 (95% CI = —-0.0000008-0.0002598), accounting
for 7.3% of the total effect (0.001787), as shown in Figure 3.

In contrast, the direct effect (0.001657) comprises 92.7% of
the total effect, suggesting that the influence of AhR activa-
tion via ING/INB (exposure) on DVT (outcome) is primarily
driven by non-mediated pathways. This finding aligns with
clinical studies. For example, elevated serum uric acid levels
are associated with an increased risk of VTE recurrence [30].
Urate-lowering therapy mitigates the risks of hospitalized
stroke and mortality in patients with gout [31]. No signifi-
cant mediation effect was identified involving metabolites,
immune cells, or gut bacteria in the current study.

Discussion

This study determined the causal relationships between 2 IN
APIs and 30 vascular conditions. The causal effects of IN
exposure on DVT outcomes were identified and urate was
shown to contribute to 7.3% of the total effect. In addition,
IN exposure was casually associated with multiple vascu-
lar risks, i.e., embolism and thrombosis, including AET and
PE, and heart diseases, including CHF and HHD, which
are driven by the INB antagonistic effects on FLT3, CDK4,
CDK6 and CDK14.

J. Liu et al.: DOI: 10.15212/bioi-2025-0155
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Figure 3 Schematic diagram showing the mediation effect of urate
(P=5x10"9).

Notably, the IN toxicity has primarily been reported in
Asian populations, while the datasets used in the current study
were of European ancestry. Nevertheless, the findings of this
MR study can be generalized to Asian and European popu-
lations, which can be supported by two perspectives. First,
the four IN targets (AhR [32], FLT3 [9], GSK-3p [33], and
CDKSs [34]) are highly conserved across species and human
populations. Second, multiple medications targeting these
proteins are commonly used or currently undergoing clinical
trials in Asian and European populations. For example, pal-
bociclib, which targets CDKs, is a widely used anti-cancer
drug across different ethnic groups. Tapinarof (targeting AhR)
and midostaurin (targeting FLT3) are approved treatments for
psoriasis and cancer in Chinese Taiwan, indicating that these
targets are relevant across Asian and European populations. In
addition, valproic acid (NCT01548066) has undergone clinical
trial in South Korea, cilostazol (NCT06612593) is currently
undergoing clinical trial, and tideglusib (NCT02858908) has
undergone clinical trial in the United Kingdom. These trials
indicated that GSK-3f is a common target for agents, includ-
ing ING/INB, across diverse populations.

While IN has been shown through use in TCM to have
an anti-inflammatory effect on autoimmune inflammatory
disorders, the side effects on the vascular system have been
typically observed in clinical trials and clinical practice [4,
7, 8]. This work has added MR evidence to these clinical
observations. Accordingly, we present our interpretation of
the MR evidence below with the latest advances in under-
standing the bioactivity, pharmacology, and toxicology of IN
based on preclinical and clinical studies.

Pharmacologic duality of the AhR
pathway

The IN vascular toxicity identified in this work can be
explained based on the biphasic pharmacologic AhR prop-
erties. INB/ING can restore the Th17/Treg balance and con-
sequently promote IL-22 secretion and intestinal mucosal
repair with EC values of 0.2 and 5 nM, respectively [8, 12],
which is the primary anti-inflammatory mechanism under-
lying IN [3, 35], as illustrated in Figure 4B. In contrast,
this anti-inflammatory effect can shift to a pro-inflamma-
tory response under specific pathologic conditions, and as a
result vascular toxicities would be apparent. This transition

involves the AhR/CYP1A1 metabolic axis [36], which can be
overactivated by INB/ING with ROS overproduction, lead-
ing to the assembly of NLRP3 inflammasomes (Figure 4C).
Moreover, NLRP3 inflammasomes can be promoted by
INB/ING in other ways. For example, INB/ING can dampen
the suppressive effect of AhR on NLRP3 inflammasome
activity by depleting available AhR [37]. Similarly, exces-
sive activation of AhR by INB/ING deplete endogenous AhR
ligands via the AhR/CYPIA1 axis, which disrupts indole
derivative homeostasis and consequently induces oxidative
toxicity [38]. In fact, the presence of INB and ING in human
urine at ~0.2 nM [12] underscores the significance of physi-
ologic concentrations of INB and ING. In addition, urate was
identified as a mediator between IN and DV'T, exhibiting a
mild mediation effect (7.3% of the total effect; P = 0.048).
Indeed, elevated serum uric acid levels are associated with
an increased risk of VTE recurrence [30]. Urate-lowering
therapy has been shown to mitigate the risks of hospitalized
patients with stroke and mortality in patients with gout [31].
This finding suggests the possible involvement of AhR in
overexpression of xanthine oxidase and downregulation of
uric acid transporters, which may contribute to the inflam-
matory processes underlying DVT. The finding implicates a
novel proinflammatory mechanism underlying IN.

INB would contribute more significantly to IN toxicity
than the INB isomer, ING. This is because the 25-fold greater
AhR affinity of INB than ING amplifies pro-inflammatory
signalling [8, 12], although the isomers share similar physic-
ochemical properties (e.g., aqueous solubility = ~40 png/mL;
LogP = ~3.5) [39].

The target-specific vascular risks of IN should be ana-
lyzed within the context of the dose effect. Activation of
AhR and subsequent induction of CYPIA1 by IN leads to
the metabolic clearance of IN [40]. Therefore, with short-
term IN dosing, the effects would be eliminated. However,
with long-term IN treatment, sustained AhR activation and
continuous induction of CYP1AL1 occur, resulting in a pro-
longed accumulation of ROS. This persistent oxidative stress
can contribute to various vascular disorders such as PAH [8].
Clinical observations suggest that this effect may need at
least 6 months to manifest, as suggested by a reported case
of PAH developing after IN treatment for 6 months [7].

Pro-inflammatory INB pleiotropy

INB is a potent inhibitor of FLT3 and CDKs [18]. INB causes
inflammation through an inhibitory effect on FLT3 with an
IC,, = 25 nM [13] and on CDKs with IC,; in the range of
50-100 nM [13] (Figure 4D, E). Indeed, FLT3 inhibition
can trigger an immediate global change in gene expression,
leading to significantly upregulated innate immune and
inflammatory pathways [41-43]. Similarly, CDK4/6 inhibi-
tion can activate NLRP3 inflammasomes and consequently
facilitate IL-1P secretion [44]. These reports indicated the
pro-inflammatory INB pleiotropy.

Interestingly, traditional folk practices of IN-based therapy
involve washing IN with alcoholic drinks before oral admin-
istration to reduce the side effects in the digestive system. By
analyzing IN extracts obtained through sequential washing
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Figure 4 Physicochemistry and biology of IN. (A) Structural features, (B) anti-inflammatory, and (C-F) pro-inflammatory mechanisms under-

lying IN.

with ethanol followed by dimethyl sulfoxide (DMSO), we
found that INB was predominantly extracted by ethanol,
while ING was mainly extracted by DMSO. The ethanol
extract of IN appears pink with two characteristic absorption
peaks at 363 and 547 nm (Figure 5), whereas the DMSO
extract appears deep blue with a peak at 612 nm [45]. These
data plausibly suggest that one toxic substance removed
by alcoholic drinks would be INB. Both folk experience
and laboratory analysis support the toxic potential of INB.
Notably, the difference in solubility between INB and ING
in ethanol suggests that INB and ING likely have distinct
bioavailability profiles, which could influence toxicity, espe-
cially when factoring in food intake and the complex envi-
ronment of the intestinal lumen, which warrants a detailed
and thorough investigation.

Pro-inflammatory particulate IN
physicochemistry

IN is processed using CaO unlike common TCM herbs, then
presented as microscale particles with an inorganic core of
CaCQ, and a hydrophobic surface due to the coating of INB/
ING [46], as illustrated in Figure 4A. This unique structure
can potentiate INB/ING-mediated inflammation through the
mechanisms postulated below. Released Ca’* can activate
NLRP3 via the calcium sensing receptor (CaSR) pathway
[47]. Moreover, NLRP3 overload can lead to oxidative stress
[48], which then collectively facilitates AhR/CYP1A1/ROS
signaling. As a result, these events finally converge to hyper-
activation of NLRP3 (Figure 4F).

In addition, the limited bioavailability of IN, which is
caused by the hydrophobically coated surface from INB/
ING, typically requires high doses of IN in clinical prac-
tice. This effect, in turn, increases the risk of off-target
toxicity. In addition, the typical use of CaO in tradi-
tional herbal processing is of particular concern [49] and
highlights the need to investigate toxic potentials of the
interactions among Ca”*, herb chemicals, and biological
systems.

Clinical implications for IN use

IN has been used by TCM for UC treatment [1, 35], while
UC is associated with higher levels of cardiovascular risks
[50, 51]. Clinicians should exercise caution because IN
may worsen clinical outcomes by increasing cardiovascu-
lar risk when considering the vascular risks of IN use [52].
This effect is especially critical for corticosteroid-treated
UC patients, who already face significantly higher risks of
venous thromboembolism and ischemic heart disease [53].
Moreover, the chronic inflammatory nature of UC neces-
sitates prolonged IN treatment, which raises the concern
of cumulative ING/INB toxicity on the vascular system.
Indeed, it has been reported that IN treatment may have
an undesirable association with an increase in pulmonary
arterial systolic pressure in UC patients [54]. In addition,
IN is an anticancer agent used in TCM for the treatment of
acute myeloid leukemia (AML) [18] but pro-inflammatory
INB may potentially exacerbate AML because inflamma-
tory signaling is typically involved in AML pathogenesis.

J. Liu et al.: DOI: 10.15212/bioi-2025-0155
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Figure 5 Characterization of IN extracts. (A) Photograph of IN extracts obtained by (1) ethanol, followed by (2) DMSO, and (3) the remaining
solid residue of IN after sequential washing with ethanol and DMSO; (B) UV-Vis spectra of the IN extracts shown in Figure 5A.

In addition, the synergy of metabolites, such as uric acid in
the IN pro-inflammatory effect, should be taken into con-
sideration (Figure 4D). On the other hand, it is important
to note that uric acid is known to have specific physiologic
functions, including anti-inflammatory effects [55]. Given
this complexity, the use of uric acid as a biomarker for a
mediatory role in vascular risk warrants further study.

Genotyping of CYP1A1 genetic polymorphisms can aid
in the personalized precision therapy of IN because the effi-
ciency of ROS production via IN-induced AhR/CYP1A1
depends on CYP1A1 activity. In addition, IN treatment can
be optimized using a metronomic therapy strategy, which
involves administering low doses of IN on a continuous or
frequent, regular schedule (such as daily or weekly) over
an extended period since metronomic therapy is com-
monly used in cancer chemotherapy and is known to cause
fewer and less severe side effects compared to standard
chemotherapy.

Limitations of the study

This study had several limitations. First, a range of other
active components of IN, such as alkaloids, nucleosides,
amino acids, and inorganic elements [46], were not included,
although ING and INB are the major active components of
IN. For example, in addition to ING and INB, IN has many
other indole alkaloids, such as isatin and tryptanthrine,
which have been demonstrated to be anti-inflammatory [6].
Second, eQTLs may not capture post-transcriptional reg-
ulation and eQTL effects, which can vary with cell states/
diseases. Integration of pQTLs (protein QTLs) and use of
eQTLs from disease-relevant tissues would have improved
the current study. In addition, MR findings suggest a poten-
tial causal relationship between genetic predisposition to an
exposure and an outcome, yet do not demonstrate that ther-
apeutic modifications of the exposure would significantly

affect the outcome. Beyond, the current study was based
on European ancestry, while IN is primarily used in Asian
populations. This discrepancy may limit and compromise
the understanding of IN toxicity as presented in the current
study.

Conclusions

This study presents the first comprehensive investigation
into the target-specific effect (AhR, CDK1-20, GSK-3, and
FLT3) of the herbal medicine, IN, on the vascular system.
Utilizing MR analysis, significant causal associations of the
IN exposure with multiple vascular conditions were identi-
fied, including DVT, PE, and AET, as well as related heart
diseases, including CHF and HHD. Importantly, the findings
herein identified urate as a key mediator in IN-induced DVT
via AhR activation. These insights highlight critical safety
considerations for developing IN-based anti-inflammatory
therapeutics and guide biomarker monitoring in related clini-
cal trials. Furthermore, this study proposed the potential role
of pharmacologic duality in the AhR pathway, pleiotropy of
INB, and physicochemistry of IN particles in the vascular
toxicity of IN. Corollary studies will focus on mechanistic
verification to advance the understanding of the vascular
toxicity of IN.

In addition, the vascular risks of IN applications under-
score a significant need to optimize traditional process-
ing of IN to improve the safety profile, while maintaining
therapeutic efficacy. To address the challenges, three key
improvements on the traditional processing of IN are pro-
posed as follows: (1) reducing the percentage of INB by
chemical engineering; (2) removing Ca?* through innova-
tions in herb formulating technology; and (3) developing
oral delivery systems of IN APIs to improve the therapeutic
index.
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