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Cannabidiol as a novel therapeutic agent 2
in breast cancer: evidence from literature
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Abstract

Background Breast cancer is one of the most prevalent cancers worldwide, posing significant challenges due to
its heterogeneity and the emergence of drug resistance. Cannabidiol (CBD), a non-psychoactive compound derived
from Cannabis sativa, has recently gained attention for its potential therapeutic effects in breast cancer.

Objective This review aims to evaluate the antitumor effects of CBD in breast cancer treatment by synthesizing
preclinical and clinical evidence, elucidating its mechanisms of action, and exploring its translational potential.

Methods A systematic review was conducted following PRISMA guidelines. A comprehensive search was performed
across PubMed, Google Scholar, Web of Science, and Scopus databases, using keywords such as “Cannabidiol,"CBD;’
“Breast Cancer,“Therapeutic Agent,"and “Antitumor Effects”” A total of 1,191 articles were initially identified. After
duplicate removal and eligibility screening, 34 studies published between 1998 and 2025 were selected, including

in vitro, in vivo, and clinical investigations. Studies were assessed based on PRISMA recommendations, considering
inclusion criteria such as CBD's impact on apoptosis, cell proliferation, tumor progression, and molecular mechanisms.

Results CBD demonstrated significant anticancer effects, including induction of apoptosis, inhibition of cell
proliferation, suppression of metastasis, and modulation of the tumor microenvironment. Mechanistically, CBD
modulates key pathways such as PI3K/Akt, mTOR, and PPARy and interacts with CB1, CB2, and non-cannabinoid
receptors. Preclinical studies showed CBD's efficacy, particularly in triple-negative breast cancer (TNBC), while limited
clinical trials highlighted its potential as an adjunct to conventional therapies.

Conclusion CBD offers a promising therapeutic approach for breast cancer, especially for aggressive subtypes like
TNBC. However, challenges such as variability in study design, lack of standardized protocols, and limited clinical
validation hinder its clinical application. Future research should focus on conducting robust clinical trials, identifying
predictive biomarkers, and optimizing combinatorial therapies to integrate CBD into personalized cancer treatment
strategies.
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Introduction

Breast cancer is one of the most prevalent malignancies
among women worldwide, characterized by its heteroge-
neity and diverse subtypes, each requiring distinct thera-
peutic strategies [1]. Despite significant advancements in
treatment modalities, challenges persist, including resis-
tance to existing therapies and the adverse effects associ-
ated with conventional treatments like chemotherapy and
radiotherapy [2]. The search for novel therapeutic agents
that can complement or enhance existing therapies while
minimizing side effects has led to increased interest in
plant-derived compounds, particularly cannabinoids [3].

Cannabidiol (CBD), a non-psychoactive phytocan-
nabinoid derived from Cannabis sativa, has garnered
attention due to its potential anticancer properties [4, 5].
Recent studies have highlighted CBD’s ability to inhibit
tumor growth, induce apoptosis, and suppress metastasis
in preclinical models of breast cancer [6]. CBD exerts its
effects through multiple mechanisms, including modula-
tion of the endocannabinoid system, induction of apop-
tosis, inhibition of cell proliferation, and suppression of
metastasis [6, 7]. It interacts with cannabinoid receptors
(CB1 and CB2) and non-cannabinoid receptors such as
TRPV1 and PPARYy, contributing to its anticancer prop-
erties [8].

Preclinical studies have demonstrated the efficacy of
CBD in reducing tumor growth and metastasis in vari-
ous breast cancer models, particularly in triple-negative
breast cancer (TNBC), which lacks targeted therapies [9].
Clinical studies have begun to explore CBD’s potential as
a complementary therapy in breast cancer patients, with
promising results in symptom management and quality
of life improvement [10].

This literature review aims to synthesize recent findings
on the antitumor effects of CBD in breast cancer, eluci-
dating its mechanisms of action and potential clinical
applications. By examining the current evidence, we seek
to contribute to the development of novel therapeutic
strategies that could enhance the effectiveness of existing
treatments and improve patient outcomes.

Materials and methods

Literature search

A comprehensive literature search was conducted using
electronic databases including PubMed, Google Scholar,
Web of Science, and Scopus. The search terms used were
“Cannabidiol, “CBD,” “Breast Cancer; “Therapeutic
Agent,” and “Antitumor Effects” The search was limited
to articles published in English from 1998 to 2025. Bool-
ean operators (AND, OR) were used to combine terms.
Additional articles were identified through manual
searches of reference lists from relevant studies.
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Eligibility criteria
Inclusion criteria
Studies were included if they met the following criteria:

Studies that investigated the effects of CBD on breast
cancer cells or animal models.

Clinical studies that included breast cancer patients
receiving CBD as part of their treatment regimen.

Studies published in peer-reviewed journals in the last
27 years.

Articles must have been published in English.

Provided data on the mechanisms of action, efficacy,
and safety of CBD in breast cancer treatment.

Exclusion criteria

Studies were excluded if they:
Studies that did not focus on breast cancer.
Studies with insufficient data or incomplete results.
Studies were not available in full text.

Review process
The review process involved several key steps to ensure
the thoroughness and reliability of the findings:

1. Initial Screening: Titles and abstracts of all
identified studies were screened to determine their
eligibility based on the inclusion and exclusion
criteria.

2. Full-Text Review: Full texts of potentially eligible
studies were retrieved and reviewed in detail to
confirm their inclusion in the analysis.

3. Quality Assessment: The methodological quality of
the included studies was assessed using appropriate
quality assessment tools (e.g., Cochrane Risk of Bias
Tool, Newcastle-Ottawa Scale). Studies were rated as
high, moderate, or low quality based on criteria such
as randomization, blinding, and completeness of
outcome data.

4. Data Synthesis: Extracted data were synthesized
to provide a comprehensive overview of the effects
of CBD on breast cancer. This synthesis included
qualitative descriptions of the study findings without
performing a meta-analysis.

Figure 1 presents a PRISMA 2020 flow diagram illustrat-
ing the search process, including the number of studies
identified, screened, assessed for eligibility, and included
in the final review.

Risk of bias and quality assessment

To ensure the reliability of the included studies, a sys-
tematic quality assessment was performed using the
Cochrane Risk of Bias Tool for randomized trials and the
Newcastle-Ottawa Scale for observational studies. The
following parameters were considered:
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Identification
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Identification of studies via databases and registers

Records identified from:
Databases (n =1191)
Web of Science: 112
PubMed: 59
EMBASE: 142
Scopus: 254
Google Scholar:624

| =347)

.

Screening

Included

I

Records screened

(n = 399)
:

Reports sought for retrieval

—— | Reports not retrieved

(n =193)
I

Reports assessed for eligibility
(n=91)

—®| Reports excluded:

A 4

J

Studies included in review
(n =34)

Records removed before
screening:(n=792)
Duplicate records removed (n

Records marked as ineligible
by automation tools (n = 187)
Records removed for other
reasons (n = 258)

Records excluded**

(n =206)

review articles (n =78)
conference (n =14)
Records removed for other
reasons (n = 114)

(n=102)

Not full tex (n=61)

Records removed for for other
reasons (n=41)

Non-English full text (n = 0)
Irrelevant aim of study (n
=33)

Not included desire indices
and other kind of studies (n =
24)

Fig. 1 The flow diagram of the selection of sources searched in this systematic review

Selection Bias: Assessment of randomization and
allocation concealment.

Performance Bias: Evaluation of blinding
methodologies used.

Detection Bias: Analysis of outcome assessment
blinding.

« Attrition Bias: Consideration of incomplete
outcome data and follow-up rates.

+ Reporting Bias: Examination of selective outcome
reporting. Each study was rated as having a high,
moderate, or low risk of bias based on these criteria.
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Data extraction and review process

Data extraction

Data were meticulously extracted from the selected stud-
ies using a standardized data extraction form. The follow-
ing key information was obtained from each study:

+ Study Design: The type of study conducted (e.g., in
vitro, in vivo, clinical trials).

+ Sample Size: The number of participants or samples
included in the study.

+ Type of Breast Cancer: Specific subtypes of breast
cancer being investigated.

+ CBD Dosage and Administration: The dosage,
frequency, and method of cannabidiol (CBD)
administration.

+ Outcomes Measured: The primary and secondary
outcomes assessed in the study, such as tumor size
reduction, apoptosis induction, cell proliferation
inhibition, and metastasis prevention.

+ Key Findings: Main results and conclusions drawn
from the study.

Two independent reviewers conducted the data extrac-
tion process to ensure accuracy and consistency. Any dis-
crepancies between the reviewers were resolved through
discussion and consensus, or by consulting a third
reviewer if necessary. The selected studies are summa-
rized in Tables 1, 2 and 3.

Results

Study selection

The study selection process adhered to the PRISMA 2020
guidelines, as illustrated in Fig. 1. An initial total of 1,191
records were identified through comprehensive searches
across multiple databases, including Web of Science
(n=112), PubMed (n=59), EMBASE (n=142), Scopus
(n=254), and Google Scholar (n=624). After duplicates
(n=347), irrelevant automation-marked records
(n=187), and records removed for other reasons (1 =258)
were excluded, 399 records were screened.

Screening phase

During the screening phase, 206 records were excluded.
Of these, 78 were review articles, 14 were conference
papers, and 114 were excluded due to lack of relevance to
the study’s objectives or focus on cannabidiol (CBD) and
breast cancer.

Eligibility assessment

At the eligibility assessment stage, 193 reports were
sought for retrieval, of which 91 were successfully
assessed in detail. Among the 102 reports not retrieved,
61 lacked full-text availability, and 41 were removed for
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other reasons. Ultimately, 91 full-text articles were rigor-
ously evaluated for inclusion criteria.

Final selection
The final assessment excluded 59 articles for the follow-
ing reasons:

« 33 studies lacked specific focus on the effects of CBD
on breast cancer.

+ 24 studies either analyzed other cannabinoids or did
not include desired indices relevant to the research
aims.

Ultimately, 34 studies met the rigorous inclusion criteria
and were incorporated into this systematic review. The
final selection process ensured that only high-quality,
relevant studies contributed to the analysis, providing a
robust overview of the therapeutic potential of cannabi-
diol (CBD) in breast cancer.

Discussion
Therapeutic potential of Cannabidiol (CBD) in breast
Cancer
Cannabidiol (CBD) has emerged as a promising thera-
peutic agent for breast cancer, exhibiting diverse antican-
cer properties, including apoptosis induction, inhibition
of proliferation, suppression of metastasis, and modula-
tion of the tumor microenvironment [1, 43]. Preclinical
studies highlight the effectiveness of CBD in reducing
tumor burden and limiting metastatic potential, particu-
larly in triple-negative breast cancer (TNBC)—a highly
aggressive subtype with limited targeted therapies [2, 10].
Below, we synthesize key findings to evaluate CBD’s
therapeutic potential, molecular mechanisms, and clini-
cal implications, supported by evidence from preclinical
and clinical studies.

CBD as monotherapy in breast Cancer

CBD has demonstrated antitumor properties across mul-
tiple breast cancer subtypes, including ER+and TNBC.
Key mechanisms and findings include:

Mechanisms of action

+ ROS Generation and ER Stress: CBD induces
apoptosis via reactive oxygen species (ROS)
generation and endoplasmic reticulum stress,
disrupting mitochondrial dynamics and redox
balance in cancer cells [32].

+ Pathway Modulation: CBD inhibits PI3K/AKT
and MAPK signaling pathways, suppressing cell
proliferation and metastasis. For instance, CBD
downregulates Id-1, a key regulator of tumor
aggressiveness, in MDA-MB-231 cells [10].



Page 5 of 20

(2025) 25:772

Esmaeli et al. BMC Cancer

(100> d ‘uoisnjiad Jo uiw 0z | 18

Y bul
-1e|ndJidal e ybnoayy
SjuaUedWOod |13}

Apnis

OAIA X3 Ue :u01d
30UR]SISI I9DURD
1583.q JO UoRIqIyul
102u1p AQ Jaleq

I'0F S0 SA '0OFE'|) SUONRIIUSIUOD SUO[3RJIUSDUOD 3plINg pue |eulajew 0} (uoisnyad |eyuade|d ueWINy
(d¥D9) 3pUNgA|D Jo ol dew/a[eWd) 3yl -A|D JO Oljel 9jew/3|ewa) PaoNPOJIUl SeMm (W (Z-4DW) |eauade|d ay3 ybnouyy Al
u1104d ddURISISAI paseadul ggD Jauuew Juspuadap ‘Hodsuely apungA|b /Bu 007) 9pUNgA|D 130Ue)) 158319 uewuny) OAIA -|lgeawad dnoiq
J9DUBD 158310 JO  -UOIIRIIUSIUOD B Ul XN|YJD SUOIIUBXO}  ‘XN|YS dUOIIUBXONUW JUIP  (OAIA X3) A G| “(01)IA 1504-101daday  s|j92 db-4//DW X3 ‘(saul| -OU3X S9DURYUD
[€1]  uomquyuidag  -lwuspuadap-dyddg pavdiyul agd -uadap ‘uoisnyiad dy4dg un W sz-o1 :aad SUOWIIOH Ue['OMag  [[92) OJUA UL €10T [olpiqeuue’
“UOISeAU] PRSBAIDUI
2uo|e auldazesded J9AIMOY ‘UOISeAUl
JO UOIIQIYUI YA pasianai A|jeiped
LAdY.L BupD0|g "UoISeAUl PRONP3I
12YmNy gD BuPdOo|g 3|Iym ‘UoiseAul
JO UoRIgIYul YN Pasianal | gD bul
-{20|g "S3SIUODE Y3 pa3eai §||92 Ul "05D3/1y panodas uo
PaAISSO UOISSaIAXD 7-XOD Pa31eAd|d paseq uod3|9s (A
"LSTAY PUB ‘599D 'YIDV YN Yim G610l 's) suidazesde)
(-XOD  PoAISSO S[oAd] 4HIA PodNPayY UOIS (LAdYL7dD 19D ‘(Wuor'oc'ol) HIES)
SOIBINPOW | AdYL -s91dx3 ZdININ pue UOIseAU! |93 ‘Z-dINIAl ‘C-XOD) (3019 WS LSZINY ‘(WU 00Z ‘001 ewoupie) jsealg
{UOISBAU| S95B3ID  $3SBIDUI UOIIRAIIDR 7gD) "UOISsaldXa  -159pA) Uoissaidxa ujyold '05) 599D ‘(WU 007 (-zy3H UBWNH JO UOISeAU|
YUl ZdIAIAl S95B3103p UOleAIIDE 1G] S|[90  ‘(YSIT3) S]oAS| 493 ‘(Aesse ‘001 '09) V10 ‘(WU "-4d ~43) (OGNL) ur si0}daday
ZdNW BIAUOIS | €2-gW-YJW JO UOISeAUI S9DNPai SI0}  [9BLIIe|A) UoIseAul ‘(Kesse 002 ‘001 ‘0S) VIOV J92Ue)) 15e3Ig (oA plojjlueA pue pjou
[Cl] -eAuIsadNpal 1gD -dadal plojjiueA pue | gD JO UOIeAlDY LLN) uonesyjoud 13D ‘(wloz'ol ‘0 v aneBbaN-a|diL LEC-9N-YAW ul) [ea1ulpald  ZL0T -lgeuue) Jo 9|0y
“|1-p| buissaidxa Ajjed1doyds
S||92 Ul SSOUSAISRAUL 2IGIYul 10U pIp
ago |9A9| Jarowold ayy e auab |-p| (Kesse Japi0dai) Ayl
ay) buniqiyul Aq Jsuuew juspuadap  -Al3de Jajowoid |[-pl(YDd) S||92 J9oUeD J5ealq
-UOIIRJIUSDUOD B U| UOISSaIAXD UID) uoIssaldxa YNYW |-p| (-z43H AIssaIbbe ul uols
skemyied  -oid pue yYNYW |-p| pa1enBaluMop  ‘(30]q UISISIAN) UOISsaidxa “Hd-43) OINL)  L-PI-LECAN-YAW  Aessy Japiod -s21dxa auab |-p|
onoydode ‘uols agd 's|192 LEZ-gW-YdW Ul Uoiseaul uisy0ld |-p| ‘uoiseaul (oa1A Ul 130Ue)) 15P3Ig ‘9E-9N-YAWN -3y '(saul| 4O JoyqIyul [9A0U
(8] -sa1ddns |-p| pue uonelajjoid [193 pauqIyul gD 190 ‘uonessyioid |93 WM G140 '0L L'0:d8D anefbaN-a|di| 'LEC-AN-YAW  [192) oAUl £00C e se |olpiqeuue’
Wriol-¢
J01dadal uppdejoid 1B UOIHQIYUI [BWIXBIA uonelayijoid
3U1 JO |2A3] 343 1 uopde upoejoid AT 67| pue 60 Usamy |92 J2oUed 15e3lq
snousbopus JO UOIIGIYUl paleIpaw s|l@oaseyd -39 sanjeA 05Dl S92 uewuny suqiyul
Bujjeubis upde]  -103dsdal a¥lj-1 gD YBNOoIYy UOHRISY| S Ul UORDdNPaI ‘UORIGIYUL  6L-N4F PUB /-4DIA 10} aplwepueue
-oid jo uoi -0.d |]92 J22oued 15ealg UeWINY SYgIYUl SISSUIUAS YN ‘Uoi (oA u) Wi 01-50 (-ZY3H ‘+4d (saul| plouigeuued
(1] pajeIpaW-1gD  A]9A1RD9|9S pue Ajpuaiod spiulepueuy -1IqIyut uopesoid 19D (v3Y) opluepueuy  ‘+Y3) v [euiunT 61-W43'Z-49DW  |I92) 0lIA U] 8661  Snousbopus ay|
s9 [GENTEN 1edp
-ud Jejnd>ajowolg p uon
-19 skemyied uonensiujwpy  adAigns) adAp -edl|
-Joy Jejndsjo sbuipuid A3y painseapy sswodInQ pue abesoq agd J9due) Isealg aure) adALApnis -qngd

JUSWILa.] J30URD) 158a1q Ul Adeiayiouow se 4gD L djgeL



Page 6 of 20

(2025) 25:772

Esmaeli et al. BMC Cancer

"VDHL PUe ‘DHL '‘agD Jo edussaid

uolssa1b01d

pue [BAIAING []2D
J130Ue)) 158314

JO uoniqiyuy
;spunoduwod
1B se (YDHL)
pIDy dljoulgeuued
-0JpAyeins] pue

PaWIYUOD SN-D1dN Aesse Wy ul (LEC-aN-VAN) '(@9D) |o1pigeuue)
sisauaboibue padnpul-493A paUqIYU| (AUS3U0d YDHL DHL Aesse Wy ur 611 oy (-C43H ~Yd siskjeue Sy ‘(OHL) [ouigeuued
skemyred (Y g 4oue W/BH 'S FSLZ=05D)  ‘Q9D) Sishjeue SW-I1dN  ‘(Aesse | LIAY) S1Y 8¥/4C “43) OgNL) -1dN “Aesse -0IpAyena] buisn
onoydode ‘uon Ymmolb (190 |€Z-gN-YAW PRyl ‘(Kesse \yD) Xapul J1uab 10y qw/br 001-01 130Ue)) 158319 VD ‘(saul| BAIJES SIQRUUED) JO
[£1] -IGIyuUr 493N ~gIyu] 30e1x3 WDJ eARes D -01buy ‘051 ANJIGeIA |9 128X D BAIRES D anebaN-a|diL LEC-GN-YAW  [192)01A Ul 6107 SIsAleuy SW-DT1dN
's9dA1gns y1oq uj uonoNpul
sisoydode sione} | UIPAD pue ‘Yol w
‘AYvdd Buowe Kejciayu| ‘wisejdoifd
pue [3]2NU 343 U] Uolssaldxe ulaioid A1sIWaYD03kd0UNWIW| (Spoyiaw Ul paqds
AYVdd $9z1|ed0| pue saienbHal-dn ‘uoneydidaldounwiul|  -9p Se SAeSSe JUIYIP
pue | g ulpAD pue yo w sareinbar “(Agvdd 1 ulPAD Yo1w) 10§ SUOIRI3UIDUOD (LEC-AN-YaW)
-umop gD Jauuew Juspuadsp uojssaldxa uppyoid  J9Y0 ‘shesse ANjIgeIA - (-2YTIH ~4d -43) sau| |92
uone|nbalumop -350P B Ul S3Ul| ||92 Jadued 1sealq ‘Kesse sisoydode yS|73  10j BIPIW 9344-UINJIS (DgNL) 42dued) J3dUeDd 1583Iq Ul
1@ ulpAd ‘uon (LEZ-9WN-YAW) 2AIzebau-91d1) pue ‘uoneuswbel) YNNG ul) L€2-gN-YaW 1o} 15ea1g 9AllebaN sisoydode pasnpul
-IqIyuIyoLW  (QLp-1) 9Anisod-g3 yioq uisisordode  ‘sabueyp jedibojoydiow gD WW S-1 'Lyl -9ldEL(ALy-L) Lez-an-vyaw eni -[olpigeuued Jo
[91]  'uoneAde Ayydd SSINPUIPUB [BAIAINS |90 sHgIyul dgD  ‘(Aesse | I) ANjIGeIA (19D 10} dgo Wwi /-1 9AnIsod-43 ‘Q/p-L U [edlUIPald  8LOT  WISIUBLDSW [SAON
1uabe onnadelayy e se enusiod
s11 bupsabbns ‘“Adessyiowsyd 0y (LEZ-9N-YAW)
S||92 190UBD PaZIIISUIS pUB uoiduNy (LET-9WN-YAW)  euiouldiedouape 190Ued U] 3ses|al
|ELIPUOYD0}U P1R|NPOW 3| USuUewl $2IN}ND ||92 O} (-ZY3H ~4d 158319 (Z9d3H) (AW3) 3p1san0IIU
1USpUSdaP-350P B Ul S3Ul| [|93 Jadued uolssaldxa uniqiyold  Ajpdaup palaisiuiwpe “43) (OgNL) euwIoulDIed Jejn| pue 2UIOSOX3 J0J
UOIIBINPOW Ul}  P3IPNIS ||e Ul 9583|121 3J2ISIACIDIW PUB  PUR €]V] S ‘UORDUNS [elp ‘Wil g pue | jo Jadue) Jsealg  -[9d01edaH ((€Dd) 10}QgIyul [9A0U B S|
[S1]  -lgyoid g €1VIS — SW0soxa padnpal Apuedyiubis dgd -UOYDOHW ‘DSBSl AW SUOIFeIIUSdUOD 38 gD anebaN-a|du 132URD 311501d oAUl 8107 (QgD) |olpigeuuRD
J90Ued
JO JUBWIIeal} B}
Hd [e2160ojo1sAyd “(-4DW) 10§ 2-21T 'SSNIM
1e 91l 95e3|2) BNIp JaMO|S “(9buel 190ue)) J5e3Ig Hojeue piouigeu
T 943 Ut sanjea 0gD)) AHDIX01014D (181 9AINSO4-101daday -UBD DIIDYIUAS 94}
AJ|igejleAeolq  [enba yum ‘saul| {192 |je ul yimolb || aseajas bnup ‘buipeo| brup "y 7/ J0JSUOI}  SUOWIOH ‘(-zYIH Bunensdeous
agd buiroidwir  pauqIyul NI Jej|221w pue 931y yiog  ‘abieyd ‘9zis) uoieziaide  -elUdUOd AT 0L-0  “Hd “43) (DGNL) S3||9]Woueu
Aisniep Bnup  usjewelp wu /7€ | ~ ‘BuIpeo| 951~ -1eyd 3||9dIA 'san|eA 05D “T-CLT'SS-NIM 9944 J9oued jsealg €Dd pue '/-4DW (saul] pioe disjew
[F1]  Pa1BIPAW-IDDIN  YHM PIZISYIUAS S3||901UW NIM-YINS ‘uonigiyul yimolb (19D 19 S9N NIM-VINS anebaN-a|du ‘LEZ-AN-YAW  |I9D) OJNA UL GLOZ  QURIAIS JO 3sn Ay
) [GENTEN 1edp
-ud Jejnd>ajowolg ® uon
-19 skemyied uonessiulwpy adfiqns) adAL -edl|
-Joy Jejndsjo sbuipuid A3y painseapy sswodnQ pue abesoq agd J9due) Isealg aured adALApnis -qnd

(ponunuod) | 3jqelL



Page 7 of 20

(2025) 25:772

Esmaeli et al. BMC Cancer

$1094J9 DIAjoIXUe

RBEIEESEN
-Ppe INOYUM S|9A3| A1DIXUE [eIduab

(ogade|d U0 gD Jayue

J0Uue)
1sealg peaoueApy
UM usWop Ut A12

‘uole|npoul Jay PaJaMO| 1nQ A19IXUR Pa1e|aJ-UedS sueds buibewll  paAldal syualed) pay IERI=H) [eLL [e21ul]D -IXUY pa1e|ay-ueds
[cal -JlWsUeOINAN 9onpas Apuedyiubis Jou pip agd 01 paje|al S|aAd| A1aIxuy  -1Dads Jou abesop gD 1sealg padueApy - paziwopuey 70T 1o} joIpIgeUuR)
H (d) QvN
Jo Adodsojw
Buibewr awnay|
9d5uUdsAIoNY
‘agD Aq pasned puisn Apnis v
sabueyd d1jogeIaul [eanal 03 H(d)ayN :S||93 J9dUBd /DN
JO W[4 Pasn Apnis oy 's||93 /4D Ul $3IN}ND ||92 O} Ul SoJweuAp pue
uondunysAp  sisoydode pasnpul pue A3jIgelA |92 sisoydode  Aj3dauip palaisiuiuipe (-z43H X0pal [elIPUOYD
[BLIPUOYDO}W padnpai 0} buipes| ‘soiueuAp pue  ‘AJI|IGRIA [|9D ‘SN3els XOpal ‘W 0L pUB ‘Gl JO  “+Yd +Y3) Jadued -0} W s31e[NpoW
[zl 'S$213S DAIJBPIXO  91PIS XOPal [LIPUOYD0HW SIae agD ‘UOIIDUNY [BUPUOYDOH  SUONBIUSOUOD e 0gD  Isealg y [euiwin] /4D oAUl 17207 |olpigeuue)
|92 9sAjeue /-4DIN dul]
03 pasn wirl 6z uon |92 J19DUeD 15e3Iq B
192 dioydode pasealdul ‘aseyd sis X9pu|  -BAUSDUOD WNwidO [EUIWIN| UO Splwiep
-9JUAS pue D130} W Ul S||92 paseasdap  dpoidody ‘xapul buljjage ‘(Kesse | 1) Y 7z 1oy -UBUE ploulgeuued
uondNpUl  Jauuew Jusapuadap-auiy Ul Ajjigela Xapu| DO ‘(0uabI] suolje/uaduod M (-z¥3H snousbopua ay}
sisoydode ‘uoly - ||92 paseadap A GZ UoIIeIIUSDUOD 130X LLIN) Aljigela G/ pue ZNNOG W SZ - “+4dd “+43) 4odued) (120ue) Jseaig ([ul 4O S10949 2y}
(od -eAloe | gD wnwindo (v3y) apiwepueuy |90 1e sisiawieied diauly {(v3v) epluepueuy  1seaig V [eUIWNT V [BUIWNT) /-4DN [[92) OIA Ul 720C 10 uonebnsanu|
‘Juabe dinadesayy e se [en
-usyod s,ggd bunsabbns ‘siseisersw
paseaid9p pue ‘uoesalijoid pasnpal
‘uondnpu sisoydode 03 paj Juswieal}
uopenpow 3y 'S|9pPOW [ewiUe pue $2IN3Nd 901w pue SJOWNy J9dUed
JUSWUOIIAUS0ID |92 Y10g Ul sloudny Jaoued 3sealq UOIDNPaI SISPISEIDW  S3INYND [|92 0} PRI} 1sea.q uewny jJo
-lW Jowiny ‘skem uewiny jo uoissaiboid pue yimolb ‘uondnpu sisoydode  -sjujUIpe 'SUOIRIIUSD ONIA JusWdoaASp OAIA
61]  -yred onoydody a3 pagIyur Apuesyiubis qgd  ‘UomgIyul yimosb Jown| -uod buikien e agd (£-4DW) +0y3 /-4DWN uj‘oliaul €70t ursuqiyurago
J92URD 15831q + Y3 Ul S1901e) Ay
Bupeinpow Ui spioujgeuued Joujw
Joj |ennuajod dinadelayl 1s966ns
sbuipuy asay] ‘sisiuobe yj se pajoe S9IPNIS OJIA Ul pUR
S10942  QWOS sisiuobeiue Yy pue ‘saadosd sanadoud isiuobeiue 0D]I§ Ul 1JaduRd
151UOBR 3SISAUL  1SIUOBR 3SIaAUL YIM Sisiuobejue Y3 /AsIUOBe 3sIaAUl ‘UoIIDR 15e31q Ul sploujgeu
‘uoie|Npow Yy 'SI0}IQIYUI 9SBIRUIOIR 3BIM SB (B[} -J9IUl Y ‘UOlRINPOW gy3 Busay oA (Z-4DW) oA Ul -Ued Joujw Jo
[81] ‘uonigiyuI Y3 -uajod paMoys sploulqeuURD JOUIN  /OYT ‘ANAINDR SSBIRWOIY Ul Joj payads JoN  Jadued Jsealq +y3 /~DW  pueodlisul 7oz siabiey sendajon
) [GENTEIN 1eap
-ud Jejndsjowolg g uon
-19 skemyied uonessiulwpy adfiqns) adAL -ed||
-Joy Jejnd>ajo sbuipul A3y paJnseapy sawodnQ pue abesog agd J9due) Isealg aurp|ed adALApnis -qnd

(panunuod) | a|qeL



Page 8 of 20

(2025) 25:772

Esmaeli et al. BMC Cancer

'si0ydadal 78D
ssaldxa siowny 3sealq uewny aAsod

Buleubis

PV ‘AnAnoe
dWW ‘(L€dD)
sisausbolbue ‘(¢
asedsed paAes|d)
sisoydode ‘(£91y)

‘(payidads
10U abesoQ)

-29943 40 9% |6 Aemyied Burjeubis Py uoljesajjoid uolensiuiupe (sojdwes
pa1e|NHaIUMO( "SIoWwN} Ul sisauabolbue |93 ‘(AIU9ASS  |RIOWINIIR €€ | Jowny
uondnpul paliedw pue ‘sisoydode pasnpul ‘uol} 1990USPIPUI)  -HAAr (Payads uewINy) oAIA uonIqIyul By ybnoiyy
sjisoydode ‘uoniqg -eJ9J1101d ||92 paseaIda( SaseIseIaW  SaselseIaw bun| Jou abesoQ) (ennisod-zga.3) X3 ‘(91w uolssalboid Jadued
-Iyul Aemyred Py pun| pue Jaguinu Jowny ‘Yol 4agquinu jowny uopensiuiwpe  (dAnIsod-zgau3) Jaoued SIown} uewny — NaU-ALININ) 15e31q USAIP-7g9.3
ied! ‘uoneAnde zgd JOWIN} PadNPaY (€€ L-HMM PUB DHL  ‘Ywmolb jown]  [eiowniudd DHL 15e31g 9AIISOd-7HIH ‘221U NAU-A LIAIW ONAU|  0L0Z 92Npal splouigeuur))
"COPD pUe ‘'UNn(-D ‘SO4-D S3|Nd3joW
WBJISUMOP 31B|NPOW 0S[e A3Y ] "SISO}
-dode jo uondnpul pue buljeubls z3nd  uoissaidxa | £qD
/7-XOD BIA 5199443 dAIssaiddns-iowny  ‘uolssaldxe /91y
d1eipaw A3y sisiuobelue zgd/1gd Aq ‘'sisousbolbue
PSISNSI SI8YF DDIW | WAJ Ul slown}  ‘ANAIRDR 7HopD
puelb Atewwew Aejap ‘(siseiseraw bun| /JUNf-3/504-2 paydads 10u
Ul UOIIdNP3J 9508-59 ‘YIMmoih Jowny ul ‘Buljeubis SUOI}RIIUOUOD ERIU]
UodNP3I %0S—0f) OAIA U] SISPISEIaW 739d/2-X0D OAIA U "DDIW Ul Jluabsuen [NAd
uone|npow  bBun| pue yimolb Jowny a5npas ‘0JlIA Ul ‘s;isoydode ‘sis -d'l Kep/By/buwl G 321W Q[DS OAIA J90Ued I5eaIq
unf-3/504-2 ‘skem  uonelbiul pue uolelsyljoid |92 ugIyul ¢ -eyselaul buni ‘(3s1uobe zgd Ul ‘89 gIN-VYaW JO siseiselaul pue
-yed opoydode -z 1Z'GS-NIM PUB €€ L-HM( Ssisiuobe dnayl  ‘yimoub Jowny /19D) T-TLT'SS (-T43H ON|-LEZan (oAIA YImoIb Jowny iqiyu
‘uoissaiddns -UAS "siowiny 1sealq uewny Atewud Ul ‘Uopeibiw ‘Uon  -NIA pue (3siuobe  -4d ~43) (DgNL) J9oued) VAW ‘LEZaN Ul pue OJjA s)siuobe Joydadal
3d| 739d/7-X0D PassaidxaIano ale si0ydadal gD pue [ gD -elayij0id |19 79D) EEL-HMI  1sealg aAnebaN-|diuL -VAW OJIA U] Ul) [edlulPald 6007  Ploulgeuurd J13aYIUAS
s9 Jeap
-ud (s49xj4e\ 1IN uon
-19 skemyied painsealy  uonesnsiuwpy -owolg 1 2dAiqns) -ed||
-Joy Jejndao sbuipui Aoy sawodnQ pueabesoq agd 2d£] 19>ue) 3sealg aurpe) adAL Apms -qnd

J9oUed 1sealq 10j Adeiayl uoeuiquiod Ul agd Z alqel



Page 9 of 20

(2025) 25:772

Esmaeli et al. BMC Cancer

‘syuaned

132UBD 15831q Ul [PAIAINS 931J-90U31IND3)
191390 YHIM $31e|2410D U0IssaIdxa ZYND
J2yBiH "uoneAnDe YI-4D1/44D3 SHgIyul

USHEISER
dIAW ‘uoneaide
NdI/IIV/ELVLS

ybrom jowny
'9UINJOA JOWN}

SY99M 10}
uonoaful elowny
-1ad By/bw Q| —

Jooued

pue Yamolh Jowny $9oNpai G L0-HA ‘UOIIBARDE  OAIA U ‘payidads 1seaiq Ul skemyyed
Bureubis ‘OAIA U| 'S||9D J90UeD 15e31q +DbY3 pue HI-491/4493 10U SUOI1RIIUSD dI-491/1-491 pue 4493
dI-491/I-491 pue -0Y3 Y10q Ul UOISeAU| pue Uo[eIBIW  ‘UOIRAIDE GY--4N -Uod - oA U (oAIA /493 bumgiyur ut
4453/453 sHgiyul Buinpai ‘Buieudis Y-491/1-45| pue ‘UoIseAUl |32 (IsiuoBe dyinads  (/-4DIN) +04T (LEZ-W /-4DW'LEZGN Ul pue OIJA 10ydadal pouiqeu
VAd| UOIBAIIOR CYND 44953/493 sHqIyul UoeAnde ¢yNd ‘uonelBiw {130 CUND) SLO-HM( -VYAW 65 LINNS) -PY3 -YAW '6SLINNS Ul [ea1uipaid - 910¢ -Ue> JO 9|0l [9AON
‘pajedljdull sem Uopenpow
MYIHdYW Buleubis 0o pue ‘sioydadal Juapuadap
LVdYL/LAdYL 'SSHdD ‘19D 40 Juspuadap Buijeubis (£4DW 1o W (£4DW) Jdue) wnio|ed st'G LO-HMI
sisoydode Juap  -Ul 219M S10RY7 "wisiueydaul Juspusdap MHIMAYW 9Lt~ L1 10) WIT  1sealg SAI1ISOd-101doday 1siuobe 7 Joydadal
-uadap-wnipjed  -winiDjed e elA 01)IA Ul sisoydode pasnpul XNy WNDEd g7~ :SaNeAQSY  SUOWUOH ‘(1 1¥) (-243H (OAIA plouigeuued e Ag Ayl
‘uonejnpow pue OAIA U SISRISEIDUW pUB AJ[IGRIA  ‘SISeIseIaw ‘sIso}  “B9) Juspuadap  -4d ~-43) (OGNL) Jooued Ul pue 0JlIA -|IgeIA |[92 J9dued
[od HdIMdYW Jowiny pacnpail Apuedyiubis GLo-HAr - -dode ‘Aaljigein -9S0P ‘S LO-HM( Jseaig anirebaN-a|di ] [4DW Ll Ul [edUlPald 9107 1Seauq Jo uohe|npow
“Kemyred | 3v/MEld
9Uj3 BIA SISK|0150 pue ALAIRDY ||92 auog
PaONPU-I9DURD) 15e31g S9OURYUS UOIRAL
DY 79D "UOl1eulloy) 15e|2091s0 Hoddns 0y
A)|IGe SU3 PUP UOIIRIIUSIDHIP ISP|qO3ISO
paonpul-auowioy ploiAyiesed padueyus
€ELHMM PUB 80ENH S||92 J9oued 3sealq
WO WNIPSUW P3UOIHPUOD JO 9dUsald
39U} U| "PajurLIEM DIB SIIPNIS J3YHINy
1NQ ‘95e3SIP 9UOQ PAIRIDOSSe-I9dUed
ul Aoedue [ennualod aAey wisiuobejue
pUE UOIIBAIIDR 9A11D9]95-78)) Jauuew
Juapuadap-zgd e Ul ANARDE MYAEld  AlADe g-ased sabeydosew
9ONPUI €€ | HMS PUB 80ENH 'SISA|091S0 -5 ‘ANAIDR MY (11%) J9oueD) Isealg MOJJeW auog
91eQI9DEXd PUR SIS9USD0ISED0ISO ¢l ‘UOIIRIIUD aAleBIN-3|dIL ‘(Z4DW) ‘d|W pjo-Aep-z 51SA|03350
uole|INpow Pa2NPUI-[|92 JDURD 5B DDURYUD -1_YIp/Ymolb 19DURD) 1SBAIG 9AINSOd  JO SAUOQ [eLIBA[RD) pPadNpPUI-19dURD
SISPISeIdW DUOQ €€ LHM( PUB 80ENH JO SUOIIRIIUSOUOD 1SB|O31SO  OAIA Ul pue OJ}A -101d223Y SUOWIIOH 'S||92 J9oued 158310 0} J0}dadal
‘Kemyped |y 1e|OWOURU MOT S||2D J9OURD 15B3IG JO  ‘SISKA|031S0 ‘SIS Ul palaisiuiupe  (1€Z-gN-YAW) (-Z43H 15eaiq | 1 9SNOW (OAIA plouigeuued g 9dA}
MEldeIAUOn  AN|IGeIA 93Ul 9DNPaI €€ [HAM PUB 80ENH  -U3D0ISE|D091SO  (E€L-HMM '80ENH  ~dd ~Y¥3) (OFNL) Jaoued /DN LEZ-GIN Ul puUB OJJIA JO UOINGHIU0D snow
s -eAIIDR 78D 4O SUOI1PIIUSDUOD Je|oWOoIDIW YbIH ‘Aigein |9 “69) sisiuobe zgd  1sealg anieban-9|di| -YAW UewnH Uiy [esiuipald  S10T -OUOINe-||92 auog
) Jeap
-ud (GENTEINPLIbEY] uon
-19 skemyied painsesly  uone;siuIWpY -owolg % 3dA1qns) -ed||
-Joy Jejnd>sjo sbuipuiq Aay sawodnQ pueabesoq agd ad£] 19due) 3sealg adA] Apms -qnd

(panupuod)  3qeL



Page 10 of 20

(2025) 25:772

Esmaeli et al. BMC Cancer

'1Ovd

JCNYNIXY PUB MAYIN/LDHS/LYdZ =3l
sAemyied uj sUOIrI)|E Paeanal SIsAjeur

uolelye 3y

s|192 Jadued

1seaiq LeZ-gN-YAW ul
uoljelayje diwoayoid

skemyied 21W0330d “uoljewlio) ejpodijjaue| pue  -oid djuioajo.id (£€850MO pue $J13519128IRYD UO
LDVH/ZAVA UOISBAUl PONPal PUB ‘153118 324D ||90  ‘uoiiewoy eipod YD) onel |7 (-z4IH sysiuobe z pue | 10}
JIXY 9 )MdYW  @seyd-S paonpul ‘uoiewio) AUojod pail aule| ‘UuoiseAul e Ul sisiuobe  -4d -43) (OGNL) J9oued (04} -dadal plouigeuued Jo
[1€] /IDHS/14dZ  -giyul Apusuiwioid uoneujquiod |z 3yl ‘uonesalijoid ||8d zgopue 1gd  Isealg dAnebaN-a|duL LEC-GN-YAW Ul [edIUDRld 20T S19949 [eLOJRUIGUIOD
“JUSWSA|OAU] SUBIGUISW
Y3 pue uone|ip [epuoydolW Buipnioul
'PanISsSqO a1am sisoydeled pue sisoydode sabueyd
O SIyIR|A AUDIXOJ0IAD PRONPUIY  [BUIOSOSA| ‘uoly
‘(I 09) sasop Jaybiy 18 JjIym ‘s1oaya  -ejnuundde pidi| UOI3RIIUOUOD S||92 J9oued
211815014 PaLIaXa U ‘(AT OF) SISOP 1amO| ‘UoIe|ONDeA [e103 Wi 09-0% 158319 /-4DW Ul uon
uononpul 1y sisoydesed pue Abeydoine buiajoaul oruse|doifd (NgD ©8D -B|ONdeA Dluse|doifd
sisoydesed pue swisiueyIaUW YbNoJIy1 UolIe|oNdeA JIW ‘sisoydode ‘agd 'DHL) uon (-zyIH (04 S9ONPUI UOeUI]
[og] Abeydoiny  -sejdoikd padnpul UOIIBUIQUIOD Q) Y| ‘I1SaUIR 9J2AD ||9D -euIquIod 9 +Yd +Y3) V [euiwnT /-4DIN Ul [edupRld  0z0T -Wod ploulgeuued)
‘uorde Jo
wsiueydsw [aAaou e bunybiybry ‘sioydsd (|]opow yelbouax
-31 ploulgeuurd 7g>H/1gD-uou ybnoiyy ysyeigaz ul)
pa31oe spunoduwlod ay| JuauUleal} Jadued 7 's|spow [ewjue
15e3.q U] 92UR)SISa) BNIp SWO0I9A0 0} [ef sisAleue  pue saunynd |19
-uajod bunsabbns ‘Adesayiouwayd joxe| uolssaidxa 03 pasaisiuiwipe J9oued 1sealq
UOeZNISUSS 40 AdeDLYD BY3 PadurYUL A3y "S|9poW  2uab ‘uonigiyul ‘SUOIBIIUDIUOD (Z-4DW) +0Y3 JO Sjopow |edutpaud
Adesayiowayd  yeibouax ul ymoih Jowny padnpal pue ymolb Jowny  Bulklea e zogl-O (DgNLL) 492ued 1sealq JUB1SISaI-|OXe) Ul
pue sisoydode ‘sisoydode padnpul ‘s||92 Jadued 1seaiq ‘uondNpul pue (ggd-uqy)  aAnebau-aidul(-zyIH 2091-0 bojeue sy pue
pajelpaWl 7g)  JUBISISaI-|OXe] JO uoleidoid pajgiyul sisordode ‘Al jolpigeuurd  -y4d -y3) (OgNL) J9oued /-4DN OAIA |olpigeuued [pwiouge
(671 /19D-UON Apuesyiubis Zo91-0 pue ggd-uaqy QICCUNIED) lewlouqy  3seaigannebaN-odul  pue LeZ-gIN-YAN UlolIAUL - 6107 O ANARDR JowNIUY
J9oued 1sealq
(ungerdsi> ‘qun (—¢d3H JO sjapou [ea1ulaud
‘PaAISSO a1am saldelayy  -ede| ‘ugyxowe)  (DHL BY/bw G) —4d '=4¥3) 651 INNS Ul uopesedaud bnip
pJepuels Yim SuolldeIaiul aAnebau oN “£9) saidesayy 221W Ul A|jelo pue | £Z-9W-YaWw |BDIURIOQ B SNSIDA
"AoeDYJe 9dUBYUS dag Ul spunodwiod plepueis yum paJaisiulupe (+243H) #S61DDH plouigeuued aind e
A2ed1J2 plouigeu 1eyy s3s266ns 10943 abeinojus, ay uopdRIRIUL  (dAg) uonesedald  (-zdIH “¥d ~43) OINL)  Pue t/+19 {(—2dIH (OAIA JO UOIDE JoWN}IUY
-ued bupueyus  yMmoib Jouny pue AJjigelA |93 budnpal  ‘Yimoub Jowny BniQ |eoluelog  Jasued 1sealg aAebaN +4d ‘+43) A/l Ul pue oslA ;1099 abeinojua,
[87]  19yeobeinoiug Ul DHL aund ueyy Juaiod 20w sem ddg USTTICLINTED) pue DHL aInd -9|dul +2yIH ‘+Yd/+43 pue /-4DW Ul [esulpald  810¢ a3 buisieiddy
) Jeap
-ud (GENTEINPLIbEY] uon
-19 skemyied painsesly  uone;siuIWpY -owolg % 3dA1qns) -ed||
-Joy Jejnd>sjo sbuipuiq Aay sawodnQ pueabesoq agd ad£] 19due) 3sealg aurpe) adAL Apms -qnd

(panupuod)  3qeL



Page 11 of 20

(2025) 25:772

Esmaeli et al. BMC Cancer

‘PIAIDSQO
919M |0J3U0D 324D ||92 pue sisoydode

Ul PRAJOAUL UOISSaIdXa auab Ul sabueyd
JueDYIUBIS "Wsiueydaw asuodsal ayy

Ul PIA|OAUL 3q 1YBIw sa12ads UabAxo
3A1}DEIY 'S||9 Jowny Ul gD JO uonde
21103135 e Bunsabbns ‘Ajigela Jo suon
-e19][e OU PaMOYS (ZINd PUB ¥/ 0 L-4DWN)
Saul| [|92 JurUbIjUW-UON "SUOI}PUOD
WINJI9S-MO]| U] AJUO padnpul a1am sabueyd
|ed1bojoydiow pue sisoydode pajejai

JUSWISA|OAUI
SOY '|0Ju0d
324> ||92 pue
sisoydode

Ul PIAJOAUL
uolIssaIdxa
2uab ‘si1s0}
-dode pajejai
-§S243S WN|N213al

SUOI}RIIUIOUOD
ago Jejowinba
Bulureuod (g
10BIIX3 pue g

(s]192 91e3501d
jueubijew-uou)
TINd ‘(sl193 3se=uq
jueubijeul-uou)

10RXD
Yol-jolpigeuued pue

-SS2135 WiNjNias djwisejdopu] usuueud ojwsejdop  10BAXD) SIORAIXD v 01-4DW ‘(19oued jolpigeuued aind sy}
uopesousb  JuspUIdaP-UOIIRIIUSDIUOD B U §|[9D £-Dd -u ‘sabueyd eAljes sigeuue)  (L£Z2-9W-YAW) (-24IH a1e350.4d) €-Dd Jo uonde opoydode
SOY ‘sisoydode  pue | £z2-gIN-YAW JO ANjIgeIA 9y paseald  |edibojoydiow You-agd‘agd  -dd -¥3) (OgNL) s9dued ‘(49duRD J5B3Iq) Apnig -0ud 3A1329)95 JO
[PE]  paleRI-ssaiis Y3 -9p SIOBIIXS YdU-ggD pue dgd aind yiog ‘AMIGRIA 19D aind Wi gl—0  isealg aanebaN-a|duL LEZ-gN-VAW [eoIpald €207 SOUSPIAS OJUA U
(ddvd
'e6d 'xeg ‘z-|>g
(dyvd 'esd D 3W0IYD0IAD) (cwd
'Xeg > W0Iy2014D) pasealdul) sisoydode  aduadsalonyou /G ‘WU #65) 1dd SIER)
JO uon2NPUI AQ OJUA UL S|[93 /-4DIN Bul|y  -nwiud| ‘uoisn|d ‘s9|d1pedoueu J90Ued 1sealq /-4DN
Ul 9110249 sem Adeiayl UoeuIqulod  -xa an|g uedAi| ploD-uLRdAH uo s309a Adelay
uojeAlde 1ad+agD ‘(buneoy 'buiggs|q ‘uonez 'SIaA9| 41V ‘(0JA Ul) W SlweuApoioyd
dyvd ‘€6d ‘xeg -|onoeA) Jauuew Juspuadap-asop e Ul ‘asea|al Hg1 ‘Abo /br oz pue ‘01 (-ZY3H +4d +43) (saul| S9dUBYUS UOKeUIq
(€€l > 3WOIY20IA) S[[93 Z-4DW Ul Yiesp [[93 padnpul agd -joydiow |oD ‘ST 'ST gD JedueD Isealg v [euiunT [-4DW  [[92) OJUA UL $Z0C -Wod |olpigeuued
uoleAlDe
asuodsal
aunwiwl uo
gewnz|jozaie
pue dgd Jo 531994
-J2 d1sIBISUAS §|[92 J2DUBD 15PIQ
3UO|e geuWINZ||0Zale O} ‘sisoydode |19 aAleHaU-3|d1] Ul
paJedwod sasuodsal sunwill Jouni-iue Jowny ‘uony Kemyied ON|1S-SYDD
uonenbaidn 19buois sadnpul Adesayy uoneulquio)  -eAllde Aemyred Spoylaw 9U3 BIA UOISSaIdXD
17-ad ‘uon ‘AoedYJe gewinzi|ozale bupueyua ONILS-SYD2 uopes|uuwpe (-z¥3IH | 7-ad buneinbaidn Ag
-eAldR UNWIWL  ‘Aemyred DNILS-SYDD Y3 BIA §|190 DGNL 'S|9A3| UOIS snoLeA’(@gD)  -Hd ~¥3) (OgNL) J2dued) OAIA AoeDOLy9 gewnzIj0zaly
[cel ONILS-SYD2 ur uolissaldxa | 1-ad seieinbaidn gD -s31dx9 17-Ad |olpigqeuue)  iseaig aApebaN-9(duL LeC-aN-vaAW ul‘oniAul - $Z0C  SedURYUS |OIpIqeUURD
) Jeap
-ud (GENTEINPLIbEY] uon
-19 skemyied painsesly  uone;siuIWpY -owolg % 3dA1qns) -ed||
-Joy Jejnd>sjo sbuipuiq Aay sawodnQ pueabesoq agd ad£] 19due) 3sealg 19D 98dAl Apnis -qnd

(panupuod)  3qeL



Page 12 of 20

(2025) 25:772

Esmaeli et al. BMC Cancer

-aseyd |H/0D 1e 1sa1Je 3|24

(122 s32npul dgD "(XOd) URIGnIOXop 0}
S]192 DGNL JO AUAILISUDS DY SaseaIdul
juswiean-aid gD '9L-DLV pue '/-D1y
'G-D1V ' LUI23g JO S|9A3| buiseaidap Aq
5|19 DN 4o ABeydoine suqiyur 49D
“Lg pue ‘g ‘So suubajul pue ‘UnuSWIA
‘udaU0Iqy buiseansp Aq |92 DGNL Ul
S10942 Alojeibiw-1Iue sadnpul dgd 's||92
LET-GW-VAW Ul (G '50) sauab uubayul

“UOI1RID0SSIP
plouebio pue
‘sisAjeue 9242

|92 ‘(sJayiew
Abeydoiny
‘sunbau|
'0SYAQYD) UOIS
-saldxa uimo.id
‘(sunbaiul X0
‘NSY4 'D5~aavo

(AT 52 01 6€°0)
XOQ '(A1121X010140

(V 0L-4DW) S|19D d1ushb
-lJown]-UoN pazieyou

Abeydoine pue

'L g-'5g-'go-unbaul
'DSFAQYD JO B
-9AJOAU| DENLJO

uoniqiyut pue 'XO1'NSv4 'Os¥ddyo vsyaavd  ‘vsyaayo) uols loprioLordn  -wi(89%-gIN-vYAN pue SaInyn> ge pue dc ul
Abeydoine ‘uone]  Jo uoissaldxa ay3 siaie dgd s|[92 DGNL -saidxa auab  ‘AAlISUSSOWRYD | €Z-9N-YAW) L(-zHIH vV OL-PDW (oAIA |olpIgeuUeD JO S109Y
-NpoWw Gg/50 sull Ul $21n3N> gz 03 pasedwod sainynd ‘uonesbiw |12 105 WM GZ-1)  -dd -¥3) OFNL) 490ued '‘8oK-gN-YAW X9 pue 0J1IA uol3ezI}Isuasouwayd
[8¢] -Baw 'vsbAAQvO dg U1 sanjeA 0§D JayBly pamoys agd "ANIgeIA (19D agd oAUl 1seaig aanebaN-a(du) LET-AN-YAW Ul [eaIUIPRld  Z20T pue sduediuy
W ool pue s
‘sisoydode uopdnpul - ‘(Aesse SN Y z/
paonpul ‘uisjold z-jog onnoydode-ijue sisoydode 1oy AT 0GZ-1 :@siu S||eo
skemyzed paje|nbatumop ‘uiioid xeg onoydode  ‘uoissaiddns Ay -obe |gD) YIDV J9dUed 1Sealq pue dije
opoydode ‘uone)  -oid payeinbaidn 's|12 LEZ-gN-YAWN pue -dlusbouo|d ‘(3s1uobe | gd) (LEZ-9N-VAW) (-243H  (49dueD) dl3ealdued) -aJoued uj sysjuobe
-nBaIuMop z-2g  LDNVd Yiog ul Adiusbouo|d pue uoess  ‘Uopiqiyul uop VdDV ‘(siuobe  -4d -43) (DNL) J8oued LONVd ‘(OgNL) (sauy) ploulgeuued sARS3[9s
[£€] ‘uonenbaidnxeg  -ijoid ||9d paseaida( sisiuobe ¢gd/18D -esayjoid [19D 79D) €£9'65/-1  1sealg aAnebaN-a(du| LEC-N-YAW  [[92) OJNA Ul ZZOT  JO S1O9yo Jadued-ijuy
(sJoyiew uoled (OAIA UL AT
-ylpow auo3siy)  By/6bw G ‘(0J1IA ul)
Bumolq wsissp - WM 0€-5Z (X0Q)
'SOILUU0104d upIgnioxoqd SDIWO0)0Ud 321W apnu
"UOIe|A1928 GYZH PUB UoliejAyIaw ‘Bupuanbas (onA Ut ) By ‘sojuodins JIWAYIe Ul syeibousx
PAEH pPauaIyu| sisoydode pasnpul HdINY VNY ‘(OAIA U /BW G| ‘(0J1IA UI) -ueJ] ‘(]ppow LEZ-gN-VAW Ul
uoneinbaidn  pajenbaldn pue YdyIN-8d ‘€dYIN ‘LdS  swnjoAown] M 0§-SZ ADHL 1eibousx) 9DUR]SISAI UIDIGNIOXOP
NdWY ‘uoniqryul 'g-491'17-Qd paseinbaiumog (@s’e  (s3INyN> Qe R (onnurdn B (LEZ-9W-YAW) (-243H OAIA U SWODI9N0 O} UlleAlgeU
SNAVYW-86d Q) SII92 LET-GN-VAW Juelsisai-XOa Ul g uthesse [ 1|)  /Bul oL ‘(01na ) “Yd -43) (DFNL) J9oued ‘(s=unynd> gg -uedoipAyei3sy pue |o
(o] ‘g-4o1'171-ad ANdIX0103145 XOQ@ paseaidul ADHL/A9D Aljgen|id  Wrl0g-57:agd  1seaig aanebaN-a|duL LEZ-GN-YAW B dC) OIAUl - €20C -Ipigeuued Jo 3|0l 3yl
puiwwelboidal
aunuiwil ‘sisa
JUSWUOIIAUS0IDIW JOWN} 94} -uaboibue JUSWUOJIAUSOIDIW
lenuazod  buiwwelboidal Ag jennuaiod dneiselaw ‘uonjelsayljoid (LEZ-gN-YAWN) Jowny pue §||92 12
opeIselaw-nue -jue buesuowsp ‘bulwwelboidal  Jowny 'uoRIdds pauonuaw  (-zy3H “¥d “43) OINL) -UBD 1SB3IQ U99M19q
‘uofleiNPow  aunwiwi pue ‘sisausbolbue ‘uonelayljoid 10108} ymoib  Jou SaBeSOP DY J3dURD) Isealg dA1leDaN suoloeIRUI Y}
JUSWUOIIAUD JOWIN} Ul PAAJOAUI SI0}DB) JO 958321 ‘suoioelaul -ads ‘gD pue -9|duy pue (aaiysod L SZ-9N-VAW 9}IMal |OIpIgeuURD)
[s€] -0JDIW Jouwn | 3y} paJyje ggD pue jJuegeuowly Yiog euloJis-lown| JuegRUOWIY H3) /DN /PN ONIAU| €207 pue JuUBGRUOWIY
X) Jeap
-ud (GENTEINPLIbEY] uon
-19 skemyied painsesly  uone;siuIWpY -owolg % 3dA1qns) -ed||
-Joy Jejnd>sjo sbuipuiq Aay sawodnQ pueabesoq agd ad£] 19due) 3sealg aurpe) adAL Apms -qnd

(panupuod)  3qeL



Page 13 of 20

(2025) 25:772

Esmaeli et al. BMC Cancer

DN 104 ABa1es3s D1INadeiayy e

se asiuoid smoys sisoydolla) pue | gD Jo
Bunabiey len@ 's|[92 DGNL Ul AUAINSUIS SIS
-oydouiay bulrenpow Agaiay ‘skemyied

‘sisAjeue pioe
A1ey ‘Bupuanb
-95 YNy ‘(OAIA UI)
Ymoub sowny
‘sisKjeue 9|2/
|92 ‘uonajdap

“(payidads

10U SUOIIRIIUDD
-uo> Jo)qIyul

MAW) 65086Ad
‘(payidads jou

SUOI}RIIUOUOD
JONAIYUI NELd)

Buijeubis SdVIN Pue I3Y-NEld BIA WS (HSD) duolyie) 200¥6CA1 (P3Y
-0geIaW pIoe A1je) Juspuadap-(zSay4) -nib Jejnj@dejul -153ds Jou suonely
7 9seinjesap |Ade Ayej pue -(1gDS) I ‘uondnpoid SOy -Usduod 1sdnpul
95eIN1eSaP YOD-|A0Je3)s s21enbal | gD DI|0SOIAD ‘S|pAd|  sisoidouia)) £15Y
JSaUIB 924D |92 | D sa30Woid uonigiyul (ANH-) [eUS ‘(payinads jou D3WH ‘'07-19 ‘67519 wisijogelsw
19D ‘uonajdap HSH pue ‘uondnpold  -UOUAXOIPAY-f  SUOITRIIUSDUOD I Y/¥19'/€610DH L pioe Ayey buenbas
SOY pue 'INH-¥ 'vaw ‘uonepixosad pidi| 'S|oA3] (YAW)  -dnpul sisoidouisy) €6 MIH "EHIS 'a elA sis0}dond) 0 5|90
paseaidul Aq pajelpaul sl ABISUAS siy | apAyaplelpu  unsels ‘(paydads -/¥1'1-6/47 ' /-4DW 132UPD 15B3IQ AIRHAU
uopdNpUI SISO} "OAIA Ul PUB OJ3IA Ul YIMOID (192 DN L -0[PW ‘S|2A3) 10U SUONRIIUSD (Z-4DW) +0Y7 ‘(-zyIH ‘18/SSH ‘8€DDH (oAIA -9|d13 S9ZISUSS |
-dousy ‘buljeubis Q14U 0} €7SY,/U1SeId YIM $9ZIDISUAS apixosad pidil  -uod siuobeiue  -4d -¥3) (OGNL) J9oued '9¢-qIN-YAW ul pue OJjA 2dAy 101dada1 ploulq
[L¥]  MdYW ™ DIV-YEld luegeuowl yim 1 g) Jo uoniqgiyu ‘AMIGRIA[[RD  1gD) Juegeuowly  jsealg aanebaN-a|duL LET-AN-YAW Ul [eaIUPRld  Z20T -euued Jo uonIgiyul
UoeIBIW PUE [BAIA
-INS [|92 J2dUeD 15e3lq
Budnpal ajIym |spow
uondeIAUl BUoq
S|9POW UO[I1DRI9IUI SUOG-13DURD -190ued Ul Ayjigela
UodeIgIUI Ul SIyauaq dnnadelayy [eualod payybl  uopelbiw ‘[eAIA 1581009150 sanoidwl
190URD-1SB|031SO  -YybIy ‘UoiIeIbIU PUB [PAIAINS |[9D J9DUBD  -INS [|9D Jadued OJ}IA Ul Pa.3} 1(-243H $||92 J9oUeD J5e3iq Ul
S91B|NPOW UOIeA 15e3a1q BupdNpal 9IYM A)|IGeIA I1SR[qO)  1Seaiq ‘AYIjIGRIA  -SlujuIpe S1siuobe -4 -43) (DNL) J9oued 90 1-4AN Apnig s101dada1 plouigeu
loy] -noeloydadal gd -50 panoidwll uoieAnde Joydadal g 15e|903150 79O pue gD 1seaig aAnebaN-a|dL] "LEZ-9N-YAW [eowald  7z0e -UBD JO UOIRARDY
‘soulf |3 |8
Ul yy3d pue | yyd Jo S|aA3] pasea.dap o} uswibal JusW
P3| 0S|e SIU3UIIRI] UOIIeUIqUIOD) "pasn -1eal} [epuanbas
Saul| |92 ||e Ul 3uasaid a1e zygd pue 1¥gD e ul ||V ‘{(@snow
yiog syuabe 3|Buls se AjIgelA |9 U0 103y /b 6) WiD
-J2 JuedyiubIs ou pey XN Pue Nd1'‘agD “9UIN|OA ‘(asnow/brl G¢)
‘A9D/NQT YHM paieal} 91U Ul PaAISSqo Jownl ‘(749D ago ‘(dsnow OAIA Ul pue
Sem AUDIX0} JURDYIUBIS ON "OAIA UL ‘18D Y3 Mg3d  /Brl '1) N1 :0AIA (4doued oA Ul Adeiayrowayd
2UIgeIDWAD JO 193443 aYy3 SdURYUS gD LMV ‘IYvd) uols ur(0221~) dXO 1sea1q uewny) 4O UONde Jaduediue
/NA7 Adeisyiowayd 03 §||9 $9zIHSUas  -Saudxa uiayoid 0201~) W3O /4D ‘(J3dued 39U} S95B3IDUI SUO
uoRIgIyul My Juswieal-aid dgD/NQT ‘O4A Ul $19q Bujjeudbisten| ‘(AN L) XIN (AU |B123J0]02 URWINY) (OAIA -X213[BU 9SOP-MO|
/1Y ‘uoneinpow -Wwinu ||92 budNpas 1e N7 210429 dgD  -[22el3ul ‘Aljigela 01) Na1 ‘(A QL L1DH ‘(43dUed Ul pue OJlIA Ylm [olpigeuued
(6€] 4¥49D/149D UeY] SAI}I949 210W SI agD 210429 Nd' lsquinu ||°D 1) gD oniny (£-4DW) +Dg3  Bunjuewny) 675y Ul (eI 220C JO uoneuiquio)
) Jeap
-ud (GENTEINPLIbEY] uon
-19 skemyied painsesly  uone;siuIWpY -owolg % 3dA1qns) -ed||
-Joy Jejnd>sjo sbuipuiq Aay sawodnQ pueabesoq agd ad£] 19due) 3sealg adA] Apms -qnd

(panupuod)  3qeL



Page 14 of 20

(2025) 25:772

Esmaeli et al. BMC Cancer

ERNENIEY!
pnip Bujwod
-19A0 ‘g-4D| pue
17-ad se yans
siaylew juiod

921N 9PNN
JIWAYY Ul Speibouay
LEC-aW-VdW Ul

uonesyIpow {29y sunwiuli 9DUBISISaY uIdIgnI

2U0ISIY ‘UoN SDIN OPNN JIWAYlY  paienbaiumop (|]opow yelb -0X0(J SWODISAD

-BAIBDR MY Ul syeibouay | £Z-gIN-YAIN Ul 9oUeSIsay 'AJIDIX0101AD  UOIIB|NPOW dUNW (OAIA (DGNL) -OU3X) OAIA U] 01 UlIRAIQRUURDOIP

‘uoieINBAIUMOP  UIDIGNIOXOJ SWODISAQ O} ULIBAIGeUURD  XOd Pasealnul -wi ‘sisoydode  urd) By/Bw 0| ‘(O1A 130UR) Isealg  ‘(Saunynd Q¢ -Ayel1a] pue |olpiq

[9¢] g-40178 11-Ad  -01pAyeIR| puEe [olpiqeuur) JO 3|0y YL ADHL/Q9D  “Aunnisussowsy) un Wil 0e-5'2:Qdd snebaN-aidiL R dg) oAUl €20C -Buue) JO 910y 9y L

(@dd)

jolpexeuedo}old~(S)0z

YlIM UOl1eUIqUIOD) Ul

pue uopensdedusou

3OoUeIS|0} poobH -eN ybnouyy Jsoued)

yum Aoeduys Jaduedijue padueyus ddd  jyo.d aduess|oy 158319 JO JUdUIIRal|

UOIDNPUI SISO} UM UOIIRUIGUUOD 3JIYM ‘UoiIgIyUl Jowiny ‘KBIauAs Bnip 3U3 Ul 9dURIS|O] POOD)

-dode ‘Aijige|ieAe %778 Buinalyoe 'syoays dinadessyy  ‘sisoydode ‘3ed Qdd +dgD paie| (DgNL) J19oued (OAIA Ul ‘O13IA yum gD Jo Aoeoyy3

e -0lq padueyul 5,090 panoidul uoljeinsdedusouenN  UORIGIYUl Jown| -nsdeousoueyN  1seaig aAnebaN-9|du | |1¥# Ul esupald  zzoz dnnadelsy] paaoidu
s? Jeap
-ud (GO TEINPLI L bE] uon
-19 skemyed painsespy  uonesnsiuwWpY -owolg 1 2dfiqns) -ed||
-J9y JejndajoN sbuipuiq Aoy sawodnQ pueabesoq ggd ad£] 19due) Isealg aurpe) adAL Apms -qnd

(ponunuod) Z3jqeL



Esmaeli et al. BMC Cancer

(2025) 25:772

Table 3 In vivo studies investigating the therapeutic potential of CBD in breast Cancer models
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Study Title Pub- Animal Implanted Cells Car- Mode & Sample Size Outcomes Key Findings Ref-
lica- Model &Site cino- Duration of Measured er-
tion gen  Treatment enc-
Year Use es

CBD Inhibits 2023  Mouse  MCF-7 cells, No Oraladmin- 10 mice/group ~ Tumor growth  CBD significantly [19]

Tumor Develop- Xeno-  subcutaneous carcin- istration of inhibition, me-  reduced tumor growth

ment in Breast graft implantation ogen  (CBD atvary- tastasis reduc-  and metastasis

Cancer Models Model used  ing doses for tion, apoptosis

6 weeks induction

CBD &THCV 2023  Athymic MDA-MB-231 cells, No CBD (10mg/ 10 mice/group ~ Chemo- CBD/THCV increased 36

Overcome Nude subcutaneous carcin- kg)+THCV sensitivity DOX cytotoxicity,

Doxorubicin Mice implantation ogen (15mg/ enhancement,  downregulated PD-L1

Resistance Xeno- used  kg)+DOX apoptosis induc- & TGF-{3, overcoming

in TNBC graft (5 mg/kg) for tion, immune resistance

Xenografts Model 6 weeks modulation

CB1 Inhibition 2022 Mouse = MDA-MB-231 cells, No Rimonabant 8 mice/group ~ Tumor growth  CB1 inhibition [41]

Sensitizes TNBC Xeno-  subcutaneous carcin- (CB1 antago- reduction, lipid  increased ferroptosis

to Ferroptosis graft implantation ogen  nist)+Eras- peroxidation, sensitivity and reduced

via Fatty Acid Model used  tin/RSL3 for 4 ROS production  tumor growth

Metabolism weeks

Regulation

Enhanced 2022  Mouse  4T1 cells, subcuta-  No Nanoen- 12 mice/group  Tumor inhibi- Nanoencapsulation [42]

Therapeutic Xeno- neous implantation carcin- capsulated tion, drug syn-  improved CBD efficacy

Efficacy of CBD graft ogen  CBD+PPD for ergy, apoptosis  (82.2% tumor inhibi-

via Nanoen- Model used 5 weeks induction tion) and enhanced

capsulation & anticancer action with

Combination PPD

with PPD

Anticancerand 2022 ExVivo  MDA-MB-231, No CBD (1-10 Not applicable  Cell viability, CBD improved DOX [38]

Chemosensiti- Organo- MDA-MB-468, MCF-  carcin- pM)+DOX (ex vivo study)  migration, gene  sensitivity, suppressed

zation Effects typic 10 A (organoid ogen  (0.39-25 expression TNBC invasion, inhib-

of CBD in TNBC Model  cultures) used  pM)inTNBC (GADDA45A, ited autophagy via Be-

Models 2D/3D Integrins), clin1 downregulation

models autophagy
markers

CBD Enhances 2024 Mouse  MDA-MB-231 cells, No CBD (dose Sample size not  PD-L1 CBD upregulated [32]

Atezolizumab Xeno-  subcutaneous carcin- not speci- specified expression, PD-L1 expression via

Efficacy via graft implantation ogen fied)+At- CcGAS-STING ac-  cGAS-STING, enhancing

cGAS-STING Model used  ezolizumab tivation, tumor  atezolizumab efficacy

Pathway Activa- for treatment apoptosis, im- in TNBC

tion in TNBC duration (not mune response

Models specified)

Antitumor 2019  Zebraf-  Paclitaxel-resistant ~ No Abnormal Not specified Cell viabil- Abn-CBD and O-1602 [29]

activity of ishxe-  MDA-MB-231 carcin- cannabidiol ity, apoptosis significantly inhib-

abnormal can- nograft and MCF-7 breast ogen  (Abn-CBD) induction, ited proliferation of

nabidiol and its model  cancer cells used  and O-1602 tumor growth  Taxol-resistant breast

analog 0-1602 at varying inhibition, gene  cancer cells, induced

in taxol-resis- concentra- expression apoptosis, and reduced

tant preclinical tions (e.g., 2 analysis tumor growth in xeno-

models of pM) graft models. Enhanced

breast cancer

Taxol's efficacy via non-
CB1/CB2 cannabinoid
receptors, suggesting
a novel mechanism of
action
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Study Title Pub- Animal Implanted Cells Car- Mode & Sample Size Outcomes Key Findings Ref-
lica- Model &Site cino- Duration of Measured er-
tion gen  Treatment enc-
Year Use es

Appraisingthe 2018  Mouse  Breast cancer cell No Pure cannabi- Not specified Tumor growth  Botanical drug prepara-  [28]

Entourage Ef- Xxeno- lines implanted carcin- noid and bo- inhibition, tion demonstrated

fect: Antitumor graft subcutaneously ogen tanical drug apoptosis enhanced antitumor

Action of a model used  preparation induction,and  activity compared to

Pure Cannabi- administered gene expression  pure cannabinoid, sup-

noid Versus a at varying analysis porting the entourage

Botanical Drug doses effect hypothesis

Preparation in

Preclinical Mod-

els of Breast

Cancer

Novel Role of 2016 Mouse  ERa+and ERa- No JWH-015 Not specified Tumor growth  CNR2 activation sup- [27]

Cannabinoid Xxeno- breast cancer carcin- (CNR2 inhibition, re- pressed breast cancer

Receptor 2 in graft cells implanted ogen  agonist) duced migration growth through novel

Inhibiting EGF/ model  subcutaneously used  administered and invasion, mechanisms by inhibit-

EGFR and IGF-I/ at varying suppression ing EGF/EGFR and

IGF-IR Pathways doses of EGFR and IGF-I/IGF-IR signaling

in Breast Cancer IGF-IR signaling  axes

pathways

Modulationof 2016  Mouse  Murine 4T1 and No JWH-015 Not specified Tumor growth  JWH-015 significantly [26]

Breast Cancer xeno- human MCF-7 carcin- (CNR2 inhibition, apop- reduced tumor burden

Cell Viability by graft breast cancer ogen  agonist) tosis induction,  and metastasis in vivo,

a Cannabinoid model  cellsimplanted used  administered calcium-depen- induced apoptosis in

Receptor 2 subcutaneously at varying dent signaling,  vitro, and modulated

Agonist, JWH- doses MAPK/ERK path-  calcium-dependent

015, is Calcium way modulation  MAPK/ERK signaling

Dependent pathways

Bone Cell- 2015 Mouse  Bone-tropic human No (B2 agonists  Not specified Tumor-induced  CB2 activation reduced  [25]

Autonomous Xeno- and mouse breast  carcin- (e.g., HU308, osteolysis, bone  osteolysis and tumor

Contribution of graft cancer cells im- ogen JWH133) remodeling, burden, highlighting

Type 2 Cannabi- model  planted in bone used  administered osteoblast its role in regulating

noid Recep- at varying and osteoclast  tumor-bone inter-

tor to Breast doses activity actions and bone

Cancer-Induced remodeling

Osteolysis

Cannabinoids 2010 MMTV-  ErbB2-positive No A9-THCand  Not specified Tumor growth  Cannabinoids signifi- [24]

Reduce ErbB2- neu breast cancer carcin- JWH-133 inhibition, cantly reduced tumor

Driven Breast mouse  cells implanted ogen  (CB2agonist) reduced metas-  growth, metastasis,

Cancer Progres- model  subcutaneously used  administered tasis, apoptosis  and angiogenesis. Their

sion Through at varying induction, antitumor effects were

Akt Inhibition doses angiogenesis mediated through

impairment Akt pathway inhibi-
tion, providing strong
preclinical evidence
for cannabinoid-based
therapies in ErbB2-posi-
tive breast cancer

SyntheticCan- 2009  Mouse  MDA-MB-231and  No JWH-133 Not specified Tumor growth  JWH-133 and WIN- [23]

nabinoid Re- Xxeno- MDA-MB-468 carcin- (CB2 agonist) inhibition, 55,212-2 significantly

ceptor Agonists graft breast cancer ogen and WIN- reduced reduced tumor growth

Inhibit Tumor model  cells implanted used  55212-2 metastasis, (40-50%) and lung

Growth and subcutaneously (CB1/CB2 apoptosis induc- metastasis (65-80%) in

Metastasis of agonist) tion, COX-2/ vivo. Effects were medi-

Breast Cancer administered prostaglandin ated through CB1/CB2

at varying E2 pathway receptors and involved
doses modulation COX-2/prostaglandin

E2 signaling pathways
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«+ Selective Toxicity: CBD exhibits selective
cytotoxicity toward cancer cells while sparing normal
cells. For example, CBD-loaded microparticles
showed extended antiproliferative activity in MCF-7
and MDA-MB-231 cells without harming non-
cancerous counterparts [32].

Mitochondrial dysfunction

CBD modulates mitochondrial dynamics, inducing met-
abolic stress and apoptosis. In MCF-7 cells, CBD dis-
rupted mitochondrial redox balance, leading to caspase-3
activation and DNA fragmentation [32, 42].

CBD in combination therapy
CBD synergizes with conventional therapies to enhance
efficacy and overcome drug resistance:

+ Doxorubicin Resistance: Co-administration of CBD
with doxorubicin (DOX) reduced TGF-f and PD-L1
expression, reversing chemoresistance in TNBC
models [9].

» Taxol Resistance: Abnormal cannabidiol (Abn-
CBD) enhanced Taxol’s efficacy in Taxol-resistant
MDA-MB-231 cells by inducing apoptosis via
non-CB1/CB2 pathways [29].

Table 4 outlines the key distinctions between CBD
monotherapy and its combination with other anticancer
agents. As presented in the table, combination therapy
has demonstrated enhanced chemosensitization and
immune response modulation, whereas monotherapy
primarily exerts its effects through apoptosis induction.

Immunomodulation
+ PD-L1 Upregulation: CBD enhances PD-L1
expression via the cGAS-STING pathway, improving

the efficacy of immune checkpoint inhibitors like
Atezolizumab in TNBC (3, 32].

Table 4 Comparison of monotherapy and combination therapy

Aspect Monotherapy Combination Therapy
Efficacy Direct cytotoxicity via Enhanced chemosen-
apoptosis induction (10, sitivity and immune
32) response (9)
Mechanism ROS generation, mito- Synergistic pathway
chondrial dysfunction (32) modulation (e.g., TGF-
B/PD-L1) (3,9)
Clinical Minimal off-target toxicity Overcomes drug
Advantage resistance, reduces side
effects (42)
Limitations Limited efficacy in ad- Complexity in dosing

vanced tumors (22) optimization (3, 9)
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Photodynamic therapy (PDT)

Combining CBD with PDT significantly increased apop-
tosis in MCEF-7 cells through oxidative stress pathways,
suggesting a dual mechanism of action [42].

Drug delivery systems for CBD in breast Cancer therapy

In preclinical studies evaluating CBD as a monotherapy,
various drug delivery systems have been employed to
enhance its bioavailability and efficacy:

Oral administration

+ Bioavailability Challenge: CBD has low oral
bioavailability due to extensive first-pass metabolism.

+ Potential Solutions: Nanoencapsulation and lipid-
based formulations enhance absorption.

Intravenous (IV) delivery

+ Advantages: Allows precise dosing, bypasses
metabolism, and achieves rapid systemic circulation.

+ Limitations: Requires specialized formulations such
as liposomal CBD or CBD nanoparticles.

Nanoencapsulation & nanoparticle systems

+ Improved Therapeutic Efficacy: Studies have
demonstrated that nanoencapsulated CBD
significantly increases tumor inhibition rates (e.g.,
82.2% in murine models).

+ Combination Potential: Used alongside PPD,
nanoparticles improve CBD’s anticancer effects and
tolerance.

Transdermal & topical applications

+ Localized Targeting: Could be useful in reducing
inflammation and tumor-associated pain.

+ Limitations: Poor penetration into deeper breast
tissues.

Inhalation routes

+ Rapid Absorption: Inhaled CBD quickly enters
systemic circulation, potentially bypassing metabolic
barriers.

+ Concerns: Variability in dosing and absorption rates.

Combination with other drug delivery technologies

+ Photodynamic Therapy (PDT): Studies show CBD
enhances PDT-induced apoptosis in breast cancer
cells via oxidative stress pathways.
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+ Chemotherapy Adjuncts: CBD combined with
Doxorubicin, Atezolizumab, and Taxol enhances
drug efficacy while mitigating resistance.

Direct administration

+ Some in vitro studies involve the direct addition of
CBD to cell cultures, providing precise control over
drug concentration.

Clinical implications and future directions
While preclinical data are compelling, clinical translation
requires addressing critical gaps:

1. Dosing Optimization: Standardized protocols for
CBD administration (e.g., micellar formulations for
targeted delivery).

2. Subtype-Specific Effects: Further research on
CBD’s role in hormone receptor-positive breast
cancer, particularly its interaction with ERa and AR
signaling.

3. Metastasis Prevention: Investigate CBD’s impact
on cancer stem cells and metastatic pathways (e.g.,
ZPR1/SHC1/MAPK and AXL/VAV2/RACI).

4. Safety Profiling: Large-scale trials to assess long-
term safety, drug interactions, and effects on non-
cancerous tissues.

Challenges and controversies
Despite promising evidence, several challenges hinder
CBD’s clinical application in breast cancer treatment:

+ « Variability in Study Design: One of the primary
concerns surrounding CBD research is the
inconsistency in dosing regimens, administration
routes, and experimental models used across
studies. For instance, McAllister et al. (2007)
demonstrated that CBD inhibits tumor progression
through Id-1 gene suppression, but variations in
drug concentration and cell line-specific responses
complicate direct comparisons [8].

+ + Regulatory and Legal Barriers: The classification
of cannabinoids under regulatory frameworks affects
the pace of clinical investigations. While THC-
containing formulations face tighter restrictions,
CBD’s legal status varies globally, impeding its
widespread clinical adoption [7].

+ «+ Pharmacokinetics and Drug Interactions:
CBD’s metabolic pathways involve cytochrome
P450 enzymes, which can lead to potential drug
interactions when combined with conventional
chemotherapeutics [5]. Understanding its
pharmacokinetics is crucial for optimizing
therapeutic applications.
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Table 5 CBD presents unique advantages compared to
traditional breast cancer treatments

Treatment Advantages Limitations
Modality
CBD-based Minimal toxicity, potential ~ Lack of standard-
Therapy anti-metastatic effects, ized clinical data,
modulation of tumor regulatory concerns
microenvironment
Chemotherapy Effective tumor shrinkage,  Severe side effects
established clinical use (nausea, neu-
ropathy, immune
suppression)
Targeted Therapy Specific inhibition of High cost, resis-

(HER2 inhibitors,
PARP inhibitors)

cancer-related pathways tance development

Immunotherapy  Enhances immune re- Variable response
(PD-1/PD-L1 sponse against tumors rates, immune-relat-
inhibitors) ed adverse events

Research gaps and future directions

There are notable gaps in the current literature that need
to be addressed to facilitate the clinical transition of CBD
in breast cancer treatment:

+ o Limited Clinical Trials: While preclinical models
provide strong evidence for CBD’s anticancer
activity, clinical trials evaluating its efficacy and
safety in breast cancer patients remain scarce
[6]. Large-scale randomized controlled trials are
necessary to validate preclinical findings.

+ + Biomarker Identification: Predictive biomarkers
for CBD responsiveness need to be identified to
facilitate personalized cancer therapy. This includes
assessing potential correlations with cannabinoid
receptor expression (CB1, CB2) and genetic
alterations in tumor cells [32].

+ « Long-Term Safety and Toxicity: Comprehensive
studies investigating CBD’s long-term effects on
tumor recurrence, immune responses, and systemic
toxicity are essential for its clinical integration [28].

Comparative analysis of CBD-Based therapies and
conventional treatments

Table 5 provides a comparative analysis of CBD-based
therapy against conventional breast cancer treatments,
including chemotherapy, targeted therapy, and immuno-
therapy. As the table illustrates, CBD’s potential advan-
tages—such as its minimal toxicity and modulation of the
tumor microenvironment—make it a promising thera-
peutic candidate, despite the current challenges related
to standardization and regulatory frameworks.

CBD’s potential to enhance sensitivity to chemotherapy
and immunotherapy represents an area of growing inter-
est. For example, Kalvala et al. (2023) demonstrated that
CBD can overcome doxorubicin resistance in TNBC
models by downregulating immune checkpoint pathways
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such as PD-L1 [36]. Additionally, CBD’s ability to modu-
late inflammatory cytokines suggests its use as an adjunct
to standard therapies in preventing therapy-induced tox-
icity [16].

Conclusion
CBD holds significant promise as a complementary or
standalone therapeutic agent in breast cancer treat-
ment, particularly in TNBC, where conventional options
are limited. However, clinical validation through well-
designed trials, biomarker identification, and safety
profiling remains imperative before widespread clini-
cal adoption. Future studies should focus on optimizing
combinatorial therapies, investigating long-term effects,
and refining pharmacological formulations to bridge the
gap between preclinical findings and clinical application.
By addressing these challenges, CBD could potentially
redefine breast cancer management strategies, offering a
safer, more effective, and targeted approach to treatment.
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