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Abstract

Background: Chronic lymphocytic leukemia (CLL) primarily affects the elderly, with its etiology largely unknown. It is

hypothesized that hematopoietic stem cells may acquire mutations over time, such as the BCL-2 mutation, leading to

disruptions in the apoptotic process. Dangui Luhui Wan, a mixture of 11 herbs used in Chinese Medicine, has shown antitumor

activities across various cancer cell types. Indirubin-3'-monoxime (I3M), derived from Dangui Luhui Wan, functions as a selective

inhibitor of cyclin-dependent kinases (CDKs) and can induce apoptosis in cells.

Objectives: The objective of this study was to evaluate the effectiveness of I3M against CLL cells in vitro.

Methods: Peripheral blood mononuclear cells (PBMCs) from 14 patients were treated with I3M at concentrations ranging from

0.1 μM to 80 μM over periods of 24, 48, and 72 hours. The optimal dose was determined using Annexin V and MTT assays. The

expression of apoptotic genes Bcl-2/Bax and CDK1/2 was assessed using real-time PCR.

Results: The results indicated that a 20 µM concentration of I3M exhibited the highest cytotoxicity after 48 hours compared to

controls (P = 0.005). Post-treatment, a decrease in Bcl-2 gene expression was observed, while changes in the Bax gene were not

significant. However, an increase in the Bax/Bcl-2 gene ratio was noted, suggesting involvement of the mitochondrial pathway in

I3M's apoptotic mechanism. Notably, I3M inhibited the expression of the CDK2 gene but did not affect CDK1 gene expression.

Conclusions: I3M appears to exert anti-tumor effects by inducing apoptosis and inhibiting the CDK2 gene. Further research is

required to elucidate the precise mechanism of action of I3M in CLL and potentially other tumor cell lines.
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1. Background

B-Chronic lymphocytic leukemia (B-CLL) represents

25 - 30% of all leukemias in Western countries (1). Men

are more commonly affected than women, with a male-
to-female ratio of 1.7: 1 (2). The disease typically presents

with significant lymphocytosis in peripheral blood, and

involvement of the bone marrow is almost invariably
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present (3). While a bone marrow biopsy is not essential

for diagnosing CLL, it can be helpful for assessing

treatment response or during follow-up.

The pathogenesis of CLL is still under debate, but

much research has focused on the aberrant regulation

of apoptotic mediators, including members of the B-cell

lymphoma 2 (Bcl-2) family. This family comprises anti-

apoptotic proteins such as Bcl-2, Bcl-xl, Bcl-w, and Mcl-1,

and pro-apoptotic proteins, such as Bax, Bak, and Bok,

often altered by genetic mutations (4). Notably,

overexpression of Bcl-2 increases the Bcl-2/Bax ratio,

inhibiting caspase-dependent apoptosis in CLL cells and

reducing chemotherapy efficacy (5).

Recent advancements have been made in therapies

targeting these mechanisms (6). Alterations in cell cycle

regulatory genes may contribute to the clonal
expansion of malignant B cells. Cyclin-dependent

kinases (CDKs) are critical regulators of the cell cycle,

transcription, and apoptosis and represent potential

targets for treating hematologic malignancies (7, 8).

Disruption of CDKs or their associated cyclins is
frequently linked to tumorigenesis (9-11).

The B cell receptor (BCR), a transmembrane protein

on B cells, consists of a membrane-bound

immunoglobulin molecule and a signal transduction

moiety (12). Translocations and overexpressions of cyclin

D1 and cyclin D2 have been observed in CLL (13). Cyclin
D2 plays a crucial role in the proliferation of CD5 B cells

and mediates its effects through the BCR, which

regulates progression into the G1 phase of the cell cycle

in B lymphocytes (14, 15).

Targeting CDK1 could be beneficial for treating

hematologic malignancies due to its role in

phosphorylating the retinoblastoma protein (pRb)

when paired with cyclin D. Phosphorylating the

retinoblastoma protein regulates cell cycle progression

and gene expression through its activities and

interactions with cellular components, playing a pivotal

role in cell proliferation and differentiation (16). Cyclin-

dependent kinases 1 is engaged in managing the cell

cycle during the G2 and M phases and is essential for

processes such as DNA damage repair, mesenchymal

stem cell (MSC) differentiation, and epigenetic gene

silencing (16, 17). Although both CDK1 and CDK2

suppress cancer cell invasion, studies have linked CDK1

with disease progression in conditions like acute

myeloid leukemia (AML) and chronic myelomonocytic
leukemia (CML) (18, 19). Elevated levels of CDK1 have

been detected in breast cancer, gliomas, and colon
cancer, with increased CDK2 expression noted in breast

cancer (13). Various CDK inhibitors, including CDKI-73©

(a non-selective CDK9 inhibitor), Flavopiridol© (a pan-
CDK inhibitor targeting CDKs 1, 2, 4, 6, 7, and 9),

Dinaciclib© (which inhibits CDKs 1, 2, 5, and 9), and
other pan-CDK inhibitors have shown anti-proliferative

and pro-apoptotic effects (20). Furthermore, CDK

inhibitors trigger apoptosis by damaging mitochondria
in human leukemia cells, suggesting that CDK1

modulation might be a novel therapeutic avenue for

CLL. However, CDK inhibitors can cause severe side

effects, such as tumor lysis syndrome and secretory

diarrhea, and their clinical use should be managed by

experienced hematologists (21).

In addition to conventional and emerging therapies

for CLL, herbal medicine is also worth exploring. Dangui

Luhui Wan, composed of 11 herbs, is a widely used

remedy in Chinese Medicine. Indirubin-3-monoxime

(I3M), an active component of Dangui Luhui Wan, is
derived from plants such as Baphicacanthus

cusia,  Indigofera suffruticosa, and Polygonum tinctorium
(22). I3M has shown anticancer effects in several solid

cancers and hematologic malignancies, including

human glioma (23), ovarian cancer (24), and acute
lymphoblastic leukemia (ALL) [25]. The anticancer

mechanisms of I3M are believed to involve its inhibitory
action on CDKs, competing with ATP binding at the

catalytic site, thus inducing apoptosis and autophagy,

and inhibiting STAT3 signaling (24, 25). To our
knowledge, no studies have yet explored the use of I3M

in CLL.

2. Objectives

This study aimed to evaluate the effects of I3M on cell

survival, including the expression levels of CDK1/CDK2

and Bcl-2/Bax, as well as apoptosis and proliferation in

CLL cells.

3. Methods
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Table 1. Demographic and Laboratory Characteristics of Patients and Healthy Subjects

Patients (CLL) 1 2 3 4 5 6 7 8 9 11 12 13 14
Healthy Subjects

(Ranges)

Age 61 64 60 61 63 62 64 60 62 64 61 63 64 60 - 66

Gender M M M F M M F F F M M M M NA

RAI stage 0 0 0 0 0 0 0 0 0 0 0 0 0 NA

Binet stage A A A A A A A A A A A A A NA

WBC/µL 32000 30000 40000 35000 28000 50000 35000 42000 25000 60000 25000 40000 36000 5000 - 7000

Lymphocytes/µL 14320 20350 15320 11500 8050 6250 3150 3140 47100 22360 7350 8600 45450 450 - 9640

Haemoglobin, g/dL 14.3 12.2 16.6 15.1 14.5 12.4 14.8 15.4 16.3 15.2 14.3 16.3 14.3 12.2 - 14.3

Platelets, 10 3/ µL 236 250 210 350 365 400 250 241 230 340 360 380 410 210 - 430

Beta 2 microglobulin,
mg/dL

2.0 2.5 2.8 2.3 3.2 2.9 2.1 2.4 2.7 3.7 4.1 3.6 4.2 < 2.5

3.1. Subjects

Fourteen newly diagnosed CLL patients, with an

average age of 60 ± 4 years, were selected based on the

iwCLL criteria (26). An age and gender-matched control

group of eight individuals was also included. The main

demographic characteristics of the participants are

summarized in Table 1. This study received ethical

approval from the Ethical Committee of Semnan

University of Medical Sciences (241; 1395.01.15). All

participants provided informed consent prior to

sampling.

3.2. Peripheral Blood Mononuclear Cell Isolation and Cell
Culture

Peripheral Blood Mononuclear Cell (PBMC) from CLL
patients and healthy donors were isolated using a Ficoll-

Hypaque density gradient (Sigma©, USA) from fresh

lithium-heparinized blood samples. Briefly, 10 mL of

PBS-diluted peripheral blood was layered over 5 mL of

Ficoll-Hypaque and centrifuged for 20 minutes at 500 G.

The PBMCs were collected from the interlayer, washed

twice with PBS, and then cultured in three groups: (1)

Treated with indirubin, (2) untreated (control group),

and (3) treated with 1 µM fludarabine (positive control).

All groups were cultured in RPMI-1640 medium

(Gibco™, USA) enriched with 10% fetal bovine serum

(FBS), 2 mM L-glutamine, 100 IU/mL penicillin G, and 100
mg/mL streptomycin (Sigma, USA). The cultures were

maintained at 37°C in a humidified incubator with 5%
CO2 for 24, 48, and 72 hours.

3.3. Cell Viability Assay

To identify the optimal concentration of I3M that

maximizes anti-tumor effects and minimizes

cytotoxicity on normal cells, an MTT assay was

employed. For this purpose, 105 PBMCs per well were

plated in 96-well plates and treated with varying I3M

concentrations (0.1, 0.25, 0.5, 1, 5, 10, 20, 40, and 80 μM)

for 24, 48, and 72 hours. Afterward, 10 μL/well of MTT

solution (0.5 mg/mL) was added, and the cells were

incubated for 4 hours at 37°C. Subsequently, 100 µL/well

of MTT solvent (10% Sodium dodecyl sulfate-SDS) was

introduced, and the optical density at 570 nm was

measured using a Stat Fax 2100 Microplate reader.

Results were benchmarked against untreated control

cells, with fludarabine-treated cells serving as a positive

control. Data are presented as mean ± SD from at least

three independent experiments. Furthermore, an

apoptosis test was conducted on PBMCs and CD19+ cells

(B cells) using various I3M concentrations at 24, 48, and

72 hours. Based on these results, an I3M concentration of

20 μM demonstrated the highest cytotoxic antitumoral

effect with minimal impact on normal cells. An Annexin

V assay further validated the optimal dosage (20 μM).

This concentration was subsequently applied to other

cells from patients and healthy donors for additional

assays such as MTT and Annexin V at 48 hours. The IC50

was determined using dose-response curves to evaluate

cell proliferation across different I3M concentrations.

3.4. Apoptosis Determination Assay

Apoptosis induced by I3M was assessed using flow

cytometry. Briefly, 3 × 105 PBMCs per well from CLL

patients and healthy subjects were cultured in 48-well

plates and treated with 20 μM of I3M, then incubated for

48 hours at 37°C in 5% CO2. The Annexin V/7-AAD kit

(Biolegend©, USA) was employed following the

manufacturer's instructions to analyze apoptosis in

PBMCs and CD19+ cells (B cells, anti-CD19-PE purchased
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Figure 1. Assessment of CLL patients' PBMC cytotoxicity over 24, 48, and 72 hours using serial dilutions of indirubin. MTT method, n = 14, CTRL: Control, Flu: Fludarabine 1 μM,
I3M: Indirubin-3-monoxime ranging from 100 nm to 80 µM, * P = 0.05, ** P = 0.01, *** P = 0.0002, 0.0008, **** P = 0.0002, 0.0001

from Biolegend). Results were quantified using a Partec

cyflow© instrument (Partec©) and analyzed with

FlowJo© software (Tree Star Inc©).

3.5. RNA Extraction, cDNA Synthesis, and qRT-PCR

To assess the impact of I3M on the expression levels

of Bcl-2, Bax, CDK1, and CDK2 in CLL cells, 3.5 × 106

PBMCs/well were cultured with 20 µM I3M in 12-well

plates for 48 hours. Total RNA was extracted using Trizol

reagent (Thermo Fisher Scientific©) following the

manufacturer's instructions. The quality and quantity of

RNA were evaluated through gel electrophoresis and a

NanoDrop instrument (Thermo Fisher Scientific©, USA),

respectively. cDNA was synthesized from 1 μg of total

RNA using a High-Capacity cDNA Reverse Transcription

Kit. Real-time qRT-PCR was performed using SYBR Green

Supermix (Amplicon©, USA). The primers used are listed

in Table 2. Gene expression of Bcl-2, Bax, CDK1, and CDK2

was normalized to RPLP0 as the housekeeping internal

control. Experiments were conducted using an ABI 7900

HT©, and gene expression levels were calculated using

the 2−ΔΔCt method.

Table 2. Primer Sequences

Genes Primer Sequences

Bcl-2
Sense: 5’-TCG GTGGGGTCATGTGTGTGG-3

Anti-sense: 5’-CACAAAGGCATCCCAGCCTCC-3’

BAX
Sense: 5’-CTTTGTGGCCCTCAAGAGTT-3’

Anti-sense: 5’-AGAGGCTTTCGACGAAACATC-3’

CDK1
Sense: 5’-CTTTGTGGCCCTCAAGAGTT-3’

Anti-sense: 5’-AGAGGCTTTCGACGAAACATC-3’

CDK2
Sense: 5’-AATCCGCCTGGACACTGAGAC-3’

Anti-sense: 5’-AATCCGCCTGGACACTGAGAC-3’

3.6. Statistical Analysis

Statistical analyses were performed using Prism 7.0.3

software (GraphPad Software©). Normality was assessed

before analysis. The Mann–Whitney U test was used for

nonparametric comparisons, and the independent t-test

was used for parametric data. Results are expressed as

the mean ± standard deviation, with a P-value < 0.05

considered statistically significant.

4. Results

4.1. Determination of Optimal I3M Concentration
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Figure 2. I3M’s inhibitory effects on cancer cell proliferation. CLL patients' PBMCs were treated with various I3M concentrations for 48 hours to determine the IC50

Figure 3. Investigating the cytotoxicity of PBMC cells of CLL patients for 48 hours. MTT method, n = 14, CTRL: Control, DMSO: Carrier, Flu: Fludarabine 1 μM: I3M: Indirubin-3-

monoxime; 20 μM **** P = 0.0001

The cytotoxic effects of I3M were evaluated using MTT

and Annexin V assays on CLL patients and healthy

donors at concentrations ranging from 0.1 to 80 µM over

24, 48, and 72 hours. The optimal concentration was

determined based on the highest cytotoxicity and

apoptosis with the minimal side effects, identified as 20

µM (Figure 1A, B, and C). Fludarabine served as a positive

control. PBMCs from CLL patients were exposed to

varying concentrations of I3M for 48 hours to determine

the IC50, which was found to be 8.6 µM, demonstrating
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Figure 4. Evaluation of apoptosis in CLL patients' PBMCs over 24, 48, and 72 hours using serial dilutions of indirubin. Annexin V method, n = 14, CTRL: Control, DMSO: Carrier, Flu:

Fludarabine 1 μM, I3M: Indirubin-3-monoxime ranging from 100 nM to 80 μM, ** P = 0.01, *** p = 0.005, **** p = 0.0001

Figure 5. RN1 regions indicate cells stained with Annexin V dye, representing populations undergoing early apoptosis; RN3 regions show cells stained with 7AAD dyes, indicative
of late-stage apoptosis. RN2 highlights cells stained with PE dye-linked anti-CD19+ antibodies, representing B cell populations

significant inhibitory effects on cell proliferation

(Figure 2). 4.2. Cytotoxic Effect of I3M on CLL Cells but Not on Healthy
Control Cells
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Figure 6. Evaluation of Apoptosis in CLL Patients' PBMCs over 48 hours using the Annexin V method, n = 14, CTRL: Control, Flu: Fludarabine 1 μM, I3M: Indirubin-3-monoxime 20

μM ***** P = 0.0001.

Figure 7. The apoptotic impact of I3M in CLL through Bcl-2 suppression; * P = 0.03.

The results showed that I3M at a 20 µM concentration

exhibited the highest cytotoxicity after a 48-hour

incubation compared to controls (P = 0.005).
Fludarabine, used as a positive control, showed

statistically significant cytotoxicity compared to
controls (P = 0.0003). As illustrated in Figure 3B, there

was a statistically significant increase in cell cytotoxicity

in CLL cells (n = 14) following a 48-hour incubation with
20 µM I3M (P = 0.0001). The assessment of the anti-

proliferative/cytotoxic impact of 20 µM I3M on PBMCs

from CLL patients, compared with untreated cells,

demonstrated a statistically significant decrease in cell

viability (P = 0.0001) (Figure 3A). However, there was no
statistically significant difference in cell viability

between the I3M-treated group and the fludarabine-
treated group (P > 0.5, Figure 3A). Conversely, in PBMCs

from healthy controls, no significant anti-

proliferative/cytotoxic effect was observed upon
treatment with 20 µM I3M compared with untreated

cells (P > 0.5).
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Figure 8. Inhibition of cyclin-dependent kinases (CDK2) expression by I3M treatment in CLL; * P = 0.03.

4.3. Apoptotic Effect of I3M on PBMCs and CD19+ CLL Cells

The apoptotic effects of I3M were evaluated in PBMCs

and CD19+ CLL cells from both CLL patients and healthy

controls. Cells were treated with various concentrations

of I3M (0.1, 0.25, 0.5, 1, 5, 10, 20, 40, and 80 µM) over

incubation periods of 24, 48, and 72 hours and then

analyzed by flow cytometry. The most significant

apoptotic effect of I3M was observed at a concentration

of 20 µM after 48 hours of incubation (P = 0.0008;

Figure 4A, B, and C, with flow cytometry images in

Figure 5). As shown in Figure 6A, I3M (20 µM) induced

apoptosis in PBMCs of CLL patients, similarly to the

apoptotic effect of fludarabine (P = 0.0001). However,

I3M did not induce significant apoptosis in the growth

of cells treated with fludarabine or in those from

healthy controls (P > 0.5, Figure 6B).

4.4. Apoptotic Impact of I3M on Bcl-2 Expression

To investigate the mechanism of apoptosis induced

by I3M in CLL, we analyzed the expression levels of Bcl-2

and Bax in I3M-treated (20 µM) PBMCs from CLL patients

over 48 hours compared to untreated cells. As illustrated

in Figure 7A, I3M significantly reduced the expression of

Bcl-2 in PBMCs from CLL patients (P = 0.03). However,

there was no significant difference in Bax expression

between I3M-treated and untreated cells (P > 0.5). Figure

7B shows that there was no statistically significant

difference in the expression levels of Bcl-2 and Bax

between I3M-treated and untreated PBMCs of healthy

controls (P > 0.5 for both).

4.5. Inhibition of CDK2 Expression by I3M Treatment in CLL

To assess whether I3M affects cell cycle events, we

measured the expression levels of CDK1 and CDK2 in

PBMCs from CLL patients and healthy subjects treated

with I3M (20 µM) for 48 hours, compared to untreated

cells. As shown in Figure 8A, there was no statistically

significant difference in CDK1 expression between I3M-

treated and untreated cells, both in CLL patients and

healthy controls. Conversely, CDK2 expression

significantly decreased in I3M-treated cells compared to

untreated cells (P = 0.03), as depicted in Figure 8B.

However, no significant difference was observed in the

expression levels of CDK2 in PBMCs of healthy controls

compared to untreated cells (P > 0.5).

5. Discussion

With advancements in pharmaceutical technology,

the exploration of bioactive compounds from herbal

medicine offers a new avenue for cancer therapy. These

compounds are recognized for their therapeutic

potentials, yet scientific validation is often limited.

Indirubin-3ʹ-monoxime (I3M) has been identified as a

potent inducer of apoptotic cell death in various human

cancer cells, including breast cancer, acute

lymphoblastic leukemia, chronic myelomonocytic

leukemia, osteosarcoma, and neuroblastoma, while

exhibiting minimal cytotoxicity towards normal cells

(27-29). The precise mechanisms by which I3M induces

apoptotic cell death remain to be fully understood. This

study provides compelling evidence that I3M induces

apoptosis by modulating anti-apoptotic Bcl-2 expression

and reducing CDK2 expression.
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Our primary endpoint was to identify the optimal

I3M concentration that maximizes anti-cancer effects

while minimizing toxicity to normal cells. We tested

various I3M concentrations ranging from 0.1 μM to 80

μM. Consistent with prior studies, we found that 20 μM

of I3M is the optimal concentration (30, 31). Subsequent

tests were carried out using 20 μM of I3M. Previous

research demonstrated that I3M promotes apoptosis in

CLL cells by reducing Bcl-2 expression (23, 27). Li et al.

(32) reported an increase in Bax expression in glioma

cells under similar conditions. Zhang et al. observed

that I3M treatment led to the downregulation of Bcl-2,

Bcl-xl, Mcl-1, and survivin, and upregulation of Bax in

osteosarcoma cells (27). However, in our study, the

expression level of Bax in I3M-treated cells did not

significantly differ from untreated cells. I3M treatment

triggers caspase-8 activation, resulting in Bid cleavage,

Bax conformational change, cytochrome c release, and

cell apoptosis (33). Previous research indicated that I3M-

induced apoptosis involves both anti-apoptotic and pro-

apoptotic Bcl-2 family members at the mitochondrial

site (18, 24), which warrants further investigation in CLL

contexts.

Moreover, it was demonstrated that I3M acts as an

inhibitor of CDKs and induces cell cycle arrest in both

the G2/M and G1/S phases, typically followed by

apoptosis. Indirubin derivatives can directly bind to the

ATP-binding site of CDKs in an ATP-competitive manner,

effectively blocking the cell cycle (25). Our findings in

CLL cells revealed that I3M suppressed the expression of

CDK2 without significantly impacting CDK1 expression.

This suggests that the downregulation of CDK2

contributes to cell cycle arrest in CLL cells. The

identification of CDKs as specific molecular targets of

I3M was initially reported by Hoessel et al. (34) and

subsequently by Marko et al. These authors

demonstrated the inhibitory impact of I3M on the

proliferation of the mammary carcinoma cell line (MCF-

7), by arresting cells in the G2/M phase of the cell cycle,

potentially through inhibiting CDK1 (35). Similarly, Liao

and Leung found that I3M reduced the expression of

CDK2 and cyclin E, leading to cell cycle arrest at the

G0/G1 phase in the human neuroblastoma cell line (LA-

N-1) (36).

5.1. Conclusions

In conclusion, our results suggest that the anti-

tumor effects of I3M in CLL cells are mediated by the

suppression of anti-apoptotic proteins such as Bcl-2 and

the inhibition of CDK2. Additionally, I3M demonstrated

minimal cytotoxicity toward normal cells. Further

detailed characterization of the anti-tumor mechanisms

of I3M is necessary to support its potential as a

therapeutic drug for CLL.
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