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Melanoma is responsible for the majority of skin cancer deaths, but there are ways to combat this
deadly disease. One method is using anti-neoplastic agents, such as Doxorubicin (DOX). Unfortunately,
DOX can be toxic and may lead to drug resistance. However, researchers are excited about the
potential of Cold Atmospheric Plasma (CAP) treatment cancer cells and overcome drug resistance
selectively. To better understand the effectiveness of the combination of CAP and DOX on melanoma
cell viability, cytotoxicity, and cell death, we conducted a comprehensive evaluation and meta-analysis
in this study. 41 studies out of 121 met our inclusion criteria. The pooled analysis found that CAP

and DOX combination had a significant effect on cell viability (ES = 6.75, 95% Cl 1.65 to 11.85, and

12 = 71%) and cytotoxicity (ES = 11.71, 95% Cl 3.69 to 19.73, and 12 = 56%). however, no statistically
significant association was found between cell death with combination treatment. Our studies have
confirmed that the combined treatment of CAP and DOX has a synergistic effect on reducing cell
viability and increasing cytotoxicity in melanoma cells. These results can assist researchers in selecting
more effective treatment methods to address melanoma.
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Abbreviations

DNA Deoxyribonucleic acid

DOX Doxorubicin

CAP Cold atmospheric plasma

ROS/RNS  Reactive oxygen and nitrogen species

NOS Newecastle-Ottawa Scale

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
PI Propodium iodid

Cutaneous melanoma remains a significant public health challenge globally. By 2040, there will be approximately
510,000 new cases and 96,000 deaths due to this disease!. In the United States alone, around 100,640 individuals
are expected to be diagnosed with melanoma in 2024, and approximately 8,290 are projected to die from it2.
Unfortunately, metastatic melanoma has a survival rate of only 27%?, Early diagnosis and treatment are crucial
for the prognosis and survival of primary melanoma, which has a 5-year survival rate of 99%. Treatment for
melanoma includes chemotherapy?, conventional chemotherapy®, and immune checkpoint inhibitors®. And
small molecules against mutant BRAF’. Despite advancements in treatment approaches, tumor heterogeneity
limits disease-free survival in patients’. Tumor heterogeneity confers varying degrees of resistance and survival
advantages. As a result, understanding the biology of tumors is always required, as is the development of novel
or improved combination therapeutic approaches.
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Cancer preventionss first line of defense is provided by a variety of anti-neoplastic agents®. The majority of
these agents cause cell cycle arrest and death by targeting or altering Deoxyribonucleic acid (DNA) synthesis and
repair mechanisms®. One of the most potent chemotherapeutic agents, doxorubicin, also known as adriamycin,
has significant therapeutic activity against numerous cancers. DOX is an anthracycline that causes DNA damage
by intercalating DNA base pairs and inhibiting topoisomerase II activity'®. However, its use is limited due to its
toxicity, particularly its cardiotoxicity!!.

In addition, it has been discovered that plasma or plasma-activated solution also has a good killing effect on
drug-resistant cancer cells'?, so CAP is expected to solve drug-resistance issues with clinical cancer chemotherapy.
Recent preliminary studies have confirmed that the combination of plasma jet with the anticancer drug tegafur
can effectively improve the inactivation of pancreatic cancer cells. In addition, the excellent synergistic effects
of CAP and anticancer drugs can effectively reduce the treatment cycle and cumulative dose administered
from a clinical perspective. numerous studies regarding the use of CAP for cancer therapy have shown that the
appropriate dosages of CAP treatment can selectively kill cancer cells without causing significant damage to
normal cells'*~1>. Numerous reactive oxygen and nitrogen species (ROS/RNS)!®!7are produced by cold physical
plasma (partially ionized gas) and Cells also accumulate ROS therefore excess intracellular ROS causes oxidative
damage and further induces programmed cell death!s.

However, the extent to which CAP and DOX combination therapy can influence the cell viability, death, and
cytotoxicity of melanoma is yet to be known. Meta-analysis is a method to collect related studies and provide
improved statistical power by combining their results. In this study, we aimed to provide a comprehensive
systematic review and meta-analysis of the subgroup analysis such as cell line, plasma gases, and treatment time
in melanoma cell viability, death, and cytotoxicity by DOX and CAP treatment together or alone.

Materials and methods

Search strategy

In this systematic review and meta-analysis, PubMed, Scopus, Web of Science, EMABSE, and Google Scholar
electronic databases were searched up to December 2022 using the following search terms: “Melanoma” OR
“Malignant Melanoma” OR “Melanoma Malignant” AND “cold atmospheric plasma” OR “Plasma Gases” OR
“Gases Plasma” OR “Cold Plasma” OR “Plasma Cold” OR “Non-Thermal Atmospheric Pressure Plasma” OR
“Thermal Plasma” OR “plasma jet” AND “Doxorubicin” OR “DOX”. All references cited were manually scanned
to find additional studies. We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) framework. This study was registered in PROSPERO (PROSPERO ID: CRD42018117203).

Inclusion and exclusion criteria

Study selection was performed by two reviewers independently. First, titles and abstracts of all studies were
perused to include all the studies on CAP or DOX treatment in melanoma. Then, the full texts of selected
papers were retrieved to assess and extract the relevant data thoroughly. Inclusion criteria were as follows: in-
vitro experimental studies?, case-control studies® original articles;* English language papers;® sufficient data
to calculate effect size (ES) and its 95% CI° melanoma cells from different human or murine lines’, Eligible
studies to investigate severity, death and cell viability and cytotoxicity must include melanoma cells treated with
CAP or DOX or both8, with diagnostic methods such as MTT, flow cytometry, and information about death or
proliferation and Their vitality and cytotoxicity should be reported separately by cell type and type of treatment.
Studies were excluded if they were:! Non-original publications, including editorials, commentaries, and review
articles;? duplicated studies;® animal subjects;4 studies with incomplete information. in-vitro experimental
studies®, case-control studies® original articles;” English language papers;® sufficient data to calculate effect size
(ES) and its 95% CI°, melanoma cells from different human or murine lines!?, Eligible studies to investigate
severity, death and cell viability and cytotoxicity must include melanoma cells treated with CAP or DOX or
both!!, with diagnostic methods such as MTT, flow cytometry, and information about death or proliferation and
Their vitality and cytotoxicity should be reported separately by cell type and type of treatment!?, Clinical trial
studies!?, Articles that did not get the minimum score of the checklist. If the two reviewers could not reach an
agreement about the selection of papers, the final decision was made by a third reviewer.

Data extraction and quality assessment

Information was carefully extracted from all eligible publications independently by two reviewers according to
inclusion and exclusion criteria. The following information was extracted from each study: article title, author
name, country, year of article publication, cell line type, measurement method, gas type, cell life rate, cytotoxicity
rate, cell death, treatment time with CAP, dose Drug use. final results and Newcastle-Ottawa Scale (NOS). The
quality of eligible studies was evaluated using NOS on a 0-9 scale.0-3 was classified as low-quality, 4-6 as
moderate quality, and > 7 as high-quality. The main characteristics of included studies have been summarized
in (Tables 1, 2 and 3).

Statistical analysis

The I2 index was used to assess significant heterogeneity between studies. If the test result was 12 > 50%,
indicating the presence of heterogeneity, the random-effects model was used; otherwise, the fixed-effects model
was selected. We evaluated publication bias using Egger’s regression intercept test (P < 0.05 was considered
significant). The meta-analysis was performed with STATA version 11.1 (Stata Corp, College Station, TX, USA).

Scientific Reports |

(2025) 15:7870 | https://doi.org/10.1038/s41598-025-90508-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

‘Tonuod ;1N ‘ewsed suaydsoune p[oo :gyD
“UDIqNIOXOP :XOJ ‘UOTBIAID PIepue)s :(JS 9[eds BMEIIO—I[ISLOMIN :SON "SISA[eUB-BIOW PUB MIIAIT OTJBWIISAS Y} UT JeY} PIPNIOUT SAIPNIS 3} JO SOTISLIAIORIRYD) ‘T d[qeL,

L ¢ ¥ se | e 562 ) 686 01 Ie 66'68 001 | uoSry wm.@m 810¢ [em3es
6 b 71 6L 0 560 - - oL 001 | uoSry ww.@M £10¢ | uefenypuen
S ¢ - | - 8T - - oL 001 | uoSry wm‘ﬁm 9107 | udfhouriop
3 ¢ _ - . - - - | uoSry wm.w\m 0202 assey]
8 z - - - - oF 001 | uoSry wﬁ.w\m 6102 asser
9 € - - - - ¢'c6 oo1 | wmipE | szev | Tz0t Sueyz
L ¢ 8 61| 90 91 - - o€ oot | wnipE | szev | 610¢ ery
9 € - - - - 8 001 | wofty | g/ev | 120z | mowyeaunyy
8 € - - - - 2 oot | woSty | sev| Te0t wery,
9 ¢ 50 or | 90 €z e 6¢ 0 0 0% oot | uoSty | sev| e10e meys
9 ¢ - - - - 8¢ 001 | wofty | sev | zzoe 193peg
L € - - - - 18 001 | uoSry | ogord | 8107 fem3es
6 ¥ 50 ¥i| o 760 - - 78 001 | uoSty | ogord | 8107 | eferypues
6 ¥ €0 sz] o 960 - - 06 001 | uoSry | 01491 | 8107 | weferypuen
9 € - - - - 8L 001 | woSry | oraord | 8107 1
L ¢ - - - o8 - ¢ ss 001 | uoSty | 014914 | 0zoz | snyosayeq
8 z - - 20 9% 0 1 ss 001 | uoSry | oraord | 610¢ urg
L € - - 6 rve e 91 §19 001 | woftty | ordotq | 10z | snyosayeq
8 € 7o Lo| 10 80 1 10T I 651 95 001 | wnipH | 01914 | 1202 Tuegad
9 ¢ - - - - - - Ls 001 | wmipg | ot491d | 810¢ ueg
S € ots 0001 | 01 0001 - - - - Ly 001 | wnipy | ordotd | 810z nepees
8 ¢]  eu 001 | 60 S 9z LLs 1T L Ls 001 | wnpg | 014914 | 6107 Ny
L ¢| wooocz | %00°09ss | 1 €L ot 8L I z 0 1| wnipapt | oraora | 1oz ny
SON sowm | ypeap | Jprx0jo)fd | s | L11orx03034d | qreap 23S | WP [P dVD | WP [122 LND-dS | Wep [122 LN | ANpiqeraqvo | Amrqeia IND sed aurf | xeak Toyny
uonnadai | -[pa-as —dvd ~IND ewserd P>
183,

nature portfolio

| https://doi.org/10.1038/s41598-025-90508-z

(2025) 15:7870

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

.wﬂfﬁwﬁmumuue pue MIlAaI uﬁdguuw%w 9} UT papnjour Sa1pnjis a3 JO SOTSLIdIORIRYD) T d[qe],

L ¢ see LT85 | ve 6t £Te q o1 Ie 807 001 o BT st0z [em8es
9 ¥ - - - - 0€ oot | wz| B a0 Suog
6 ¢ - - 0 L 0 S o€ 001 | ¥t wﬁ.w\m 6102 ng
9 ¢ - - - - 0s 01| ¥z| scev| teoe Suog
S ¥ - - 0 o€ 0 0 bs 01| we| scev| reoc ret
6 ¢ - - 97 179 60 €S 8z oor| we| scev|eloe ng
9 ¢ - - - ¢ 01| ¥z| scev| ctoe ore108aq
9 ¢ - - 9 v 90 L o oo1| zz| scev| reoe 10peafes
L ¥ - - 5L I vL 6 @ 00r| 8v| suev | zoe e
9 ¢ - - - - 19 001| ¥z| sev|Teor| eysmoqers
S ¢ - - - - o1 001| e | ordotd | Teoc seneq
8 1 96 | 10 80 ST ST’ 1 65T - -1 sv| orao1a | 120z 1uepq
9 ¢ - - P g€ 1 B - -1 #z| oraora | 800z syreq
9 z - - Te bs 71 1 - -1 sv| otaora | v10c N
8 ¢ - - ¥ 8y 70 0 v 001| e | ordotd | Teoc epojsuvg
¥ ¢ - - - - 6 001| zc| otdord | ooz 1PrEL
S z - - - - 0 001| ¥z | otaord| oroe nyyz
L ¢ - - - - €1 001| 2| ordord | reoc uy
9 ¢ - - - - ge 0o1| 8¥| ordaota | 8107 yepezTy
¥ ¥ - - - - 6 001| ¥z | otaord| stoe oey
8 ¢ - - ¥ € 80 z - -1 | oraora | zzoc Sueg
9 ¢ - - 85 01| 7| otdord | Tioe sauof
S 7| o ve| €1 ¢ - - € 001 9| ora014 | 0zoc oY)
L ¢| w6 9 s0 ¢ L 0s 0 0 19 001| S| oraora | ceor | erurpnosyen
SON soum | s | hiwrxorond | s | £111x0101457IND | Wesp-11eo-as | weap 125 X0Od | WEAp 129 IND-S | WEIP T2 IND | AMMqeIAXO0d | AmqeaTIND | () | aunp | xeox Toyny
wonnadax ~xod sum | PO
1S9L, jeaI],

nature portfolio

| https://doi.org/10.1038/s41598-025-90508-z

(2025) 15:7870

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

*STSATeUR-BIOW PUE MIIAI JTJBUISISAS Y} UT J1[) PIPN[OUT SAIPNIS 3} JO SITISTIAORIRYD) ¢ d[qe],

L €| 89 €L9]| se¢ L5 ¥ se| ¥e S6T| ¥08F 1526 | 810T| (9) remBes
L € 8107 |  (q) remSes
L ¢ o1 ST98| €5 LT8%| €6 sTee| 0 o 9 or'cz | 8107 | (e) emBeg
8 €| 5o 701 1 967 | T0 £0| 10 80 Iy TTo1 | 120t Tuejaq
8 € 120¢ Tuejod
9 € 20T Sueyz,

343 €€ST| T9 S'85 | o1 1€ el 807 66'68 001 9 uoS1y | 8T-PIN-MS | 810T | (0) [emSes
6L a4t '8 00T 9 uosry 04914 | 810¢ | (q) [em3es
€0 1|81 LY | 90 S8'T s¢ LSTT 88 001 9 uodry 014914 | 810C | (e) [em3eg
[ SIS | <1 OT| 1 65T €L €69 9.8 001 8¥ wnipH 014914 | 120C Tuejad
€61 9.8 L€S 001 8¥ wnpy | TS | 120C Tuepad
7100 S0°€9 £€6 001 ¥C wnipH SLEV | TT0T Sueyy

nature portfolio

| https://doi.org/10.1038/s41598-025-90508-z

(2025) 15:7870

Scientific Reports |


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

identification

screening

(129) relevent articles identified from

search sterategy

] ’ | (8)duplicated

(121) studies selected based on titel

(80) studies were excluded for the following

reasons:

* Review, letter to editor, meeting abstract:15
* Not related to research topic:20

* Incompelet information: 15

eligibility

(41) studies selected for analysis * The lake of full text: 18

} * Clinical trial studies: 12

i

included

(40) studies included in systematic

(1) studies were excluded due to imcompelet

data or repeated data like the results of other

review

included articles (same authors)

Fig. 1. Flow chart for the selection of included studies.

Results

The PRISMA flow diagram of the study is shown in Fig. 1. We found 129 articles related to the title of this study
by search strategy, 8 of which were duplicates and were removed. We screened the title and abstract of 121
selected articles for eligibility, and then 80 studies were excluded for non according our inclusion and exclusion
criteria. 41 studies have been selected for full-text analysis; after securitization of them, 1 studies were excluded
due to the incomplete data or repeated data like the results of other included articles (same authors). Finally*’,
case-control studies were included in the systematic review. Among these selected studies, 20 studies showed
the effect of DOX in melanoma, 17 studies investigated the effect of CAP in the treatment of melanoma, and 3
studies investigated the simultaneous relationship between CAP and DOX in melanoma.

The level of cell viability in these studies was mostly measured using (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) MTT assay and the cell cytotoxicity was mostly measured by Annexin V
flowcytometry, in these studies cell death was mostly measured by assessed (propodium iodide) PI. Egger’s
test did non indicate any evidence of publication bias. All included studies were moderate- to high-quality (14
high-quality studies and 26 moderate quality studies). The characteristics of the included studies are described
in (Tables 1, 2 and 3).

Main results of meta-analysis

Meta-analysis of the association between the melanoma cell viability and treatment

Pooled analysis of the 25 studies!'*~*%, investigated the association between the melanoma cell viability and
CAP treatment. The analysis of the dominant model indicated that a significant association existed between
melanoma CAP treatment and a decrease the melanoma cell viability ([ES] = 58.16, 95% [CI]: 43.59 to 72.73,
12 = 94.1%). Moreover, the 18 studies***-%, investigated the association between melanoma cell viability and
DOX treatment. The analysis of the dominant model indicated that a significant association existed between
melanoma DOX treatment and a decrease the melanoma cell viability ([ES] = 23.96, 95% [CI]: 17.26 to 13.66,
12 = 86.1%). Based on the 6 studies*»**, investigated the association between melanoma cell viability and CAP
and DOX treatment. The analysis of the dominant model indicated that a significant association existed between
melanoma CAP and DOX treatment and decreased melanoma cell viability ([ES] = 6.75, 95% [CI]: 1.65 to 11.85,
12 = 71%) (Fig. 2).

Meta-analysis of the association between melanoma cell death and treatment

7 studies!®?%-23-262931 " evaluated the association between melanoma cell death and CAP treatment. The
overall results showed that a significant association existed between melanoma CAP treatment and an
increase the melanoma cell death ([ES] = 3.95, 95% [CI]: 1.59 to 6.31, 12 = 68.1%). Moreover, based on 10
studies?32%-42:48:51,52:54.57.58 g¢50ciation of melanoma cell death with DOX treatment was evaluated. Significant
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Fig. 2. Plot for the association between melanoma treatment and cell viability. (A) CAP treatment vs. viability
analysis. (B) DOX treatment vs. viability analysis. (C) DOX-CAP treatment vs. viability.

associations were found for DOX treatment and increased the melanoma cell death ([ES] = 8.17, 95% [CI]: 3.71
to 12.64, 12 = 84.2%). Pooled analysis of the 3 studies?»?’, investigated the association between melanoma cell
death and CAP and DOX treatment. The analysis of the dominant model indicated that an association existed
between melanoma CAP and DOX treatment and an increase the melanoma cell death ([ES] = 2.14, 95% [CI]:
-0.55 to 4.84, 12 = 71.0%) (Fig. 3).

Meta-analysis of the association between melanoma cell cytotoxicity and treatment

Based on 12 studies!®-21:23:2829313438 " ag50ciation of melanoma cell cytotoxicity with CAP treatment was
evaluated. Significant associations were found for CAP treatment and increased the melanoma cell cytotoxicity
([ES] = 5.76, 95% [CI]: 2.80 to 8.73, I2 = 82.8%). In addition, no significant association was found between
the melanoma cell cytotoxicity and DOX?32*340 treatment ([ES] = 7.27, 95% [CI]: 3.91 to 10.64, 12 = 0). 3
studies?*?’, evaluated the association between the melanoma cell cytotoxicity and CAP and DOX treatment. The
overall results showed that a significant association existed between melanoma CAP and DOX treatment and an
increase the melanoma cell death ([ES] = 11.71, 95% [CI]: 3.69 to 19.73, 12 = 56%) (Fig. 4).

Subgroup and intragroup analyses

Due to significant heterogeneity between studies, subgroup analyses were performed. The data related to the
subgroup analyses of the studied studies are shown in (Table 4). In addition, among the 3 studies that investigated
the effects of CAP and DOX and used 5 different types of melanoma, intragroup analyses were performed. The
analysis of the dominant model indicated that a significant association existed between melanoma cell viability
with CAP treatment ([ES] = 82, 95% [CI]: 72.8 to 92.29, 12 = 62.7%) and DOX treatment ([ES] = 40.80% [CI]:
19.63 to 61.97, 12 = 85.6%). intragroup analyses indicated that CAP treatment ([ES] = 1.21% [CI]: 0.09 to 2.33,
12 =39%) and DOX treatment ([ES] = 1.35% [CI]: -3.82 to 6.52, 12 = 87.4%) have an association with melanoma
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Fig. 3. Forest plot of for association between melanoma treatment and cell death. (A) CAP treatment vs. cell
death analysis. (B) DOX treatment vs. cell death analysis. (C) DOX-CAP treatment vs. cell death.
cell death. Moreover among the 3 studies Significant associations were found for CAP treatment and increased
melanoma cell cytotoxicity ([ES] = 1.84% [CI]: -1.14 to 4.09, 12 = 75%) (Figs. 5 and 6).
Discussion
Over the past 30 years, melanoma rates have increased worldwide®. Tumor heterogeneity, which refers to
the genetic and phenotypic differences between tumor cells, can restrict the disease-free survival period for
patients®, Despite advancements in cancer treatment, novel combination therapies are often required. Recently,
there has been significant attention paid to the clinical application of CAP in cancer therapy®-®*. The ROS
generated by CAP plays a significant role in this specific anticancer effect®%. Cancer cells produce a large
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Fig. 4. Forest plot of for association between melanoma treatment and cell cytotoxicity. (A) CAP treatment
vs. cell cytotoxicity analysis. (B) DOX treatment vs. cell cytotoxicity analysis. (C) DOX-CAP treatment vs. cell
cytotoxicity.

amount of ROS due to their abnormally active metabolism during rapid proliferation®’. Injection of only a small
dose of CAP generates exogenous reactive species, allowing cancer cells to reach a lethal ROS threshold quickly
while normal cells remain unharmed®. Additionally, clinical cancer chemotherapy is expected to address
drug resistance issues with CAP'2 As a result, CAP and DOX combination therapy is one of the most effective
melanoma chemotherapies that have a positive impact!!*®. DOX, similar to CAP, is known to generate ROS
through the redox cycle, which exacerbates oxidative damage. The synergistic effects of these compounds may;
overcome the antioxidant defense mechanisms of cancer cells, induce lipid peroxidation and protein oxidation,
and cause mitochondrial dysfunction, ultimately leading to cell death®®70. It is non yet clear how effective the
combination of CAP and DOX therapy is in influencing the cell viability, death, and cytotoxicity of melanoma.
To gain a better understanding of this therapy’s mechanism, we conducted a systematic review and meta-analysis
to summarize the role of CAP and DOX therapy in the viability, cytotoxicity, and death of melanoma cells.
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Treatment | Group Subgroup | Viability_I2 | Viability_ ES
B16F10 70.3 48.43
B16F0 0 72.96
Cell line
A375 98 1.54
CAP
SK-Mel-28 | 72 52.23
Helium 88.5 55.50
Gas
Argon 94.9 59.38
B16F10 87.7 12.18
Cell line A375 86.6 13.63
SK-Mel-28 | 0 17.17
DOX
48h 0 25.92
Treat-time | 24 h 85.8 29.09
6h 0 40.80
CAP-DOX treatment | Subgroup | Viability_I2 | Viability_ ES
B16F10 83.7 17.76
B16F0 0 7.90
Cell line
A375 0 1.20
SK-Mel-28 | 0 13.52
Helium 82.0 16.09
Gas
Argon 23.3 571
48 18.8 25.49
Treat-time (h) 24 0 1.20
6 23.3 5.71

Table 4. Subgroup analysis of the cell viability of CAP and DOX combination in melanoma based on the type
of cell line, gas and treatment time.

The results of previous studies have shown that the treatment of melanoma cells with CAP in the process
of dealing with the tumor reduces cell viability'*?**!, In addition, past studies have shown that the use of DOX
for the treatment of melanoma is effective and reduces cell viability**®4>. The results of our meta-analyses have
also confirmed this decrease in cell viability with CAP(ES: 58.23) and DOX(ES: 23) treatment alone compared
to the control group. The cell viability test results from the previous study also showed that the combination
mode of CAP and DOX was most effective against cancer?>?°. The results of our analyzes were also in following
with previous studies and showed that, the cell viability in the studies that used the combined treatment CAP
and DOX was significantly reduced (ES: 6.75) compared to the studies that used the treatment CAP(ES: 58.23)
or DOX(ES: 23) alone (Fig. 2). In the subgroup analysis of cell viability in the subgroup of cell line A375, the
cell viability was significantly reduced with the combined treatment(ES: 1.20) compared to the CAP(ES: 1.54)
or DOX(ES: 13.63) group alone. In addition, in the subgroup of cell line SKMEL28(ES: 13.52) and B16FO(ES:
7.90) the cell viability was significantly reduced with the combined treatment compared to the CAP or DOX
group alone. the Treat-time subgroup analysis indicated that the cell viability in the combined treatment of
CAP and DOX was significantly reduced(ES: 1.20) compared to group DOX(ES: 29.09) alone. Moreover in the
subgroup of the gas used in the CAP device, in the Helium gas group, the cell viability in the combined treatment
of CAP and DOX was significantly reduced(ES: 16.09) compared to group CAP(ES: 55.50) alone (Table 4). In
the intragroup analyses among the studies that used the combined treatment, following our previous analyses,
a significant decrease in cell viability was shown in the combined treatment(ES: 6.75) compared to the CAP(ES:
52.54) and DOX(ES: 40.80) treatment alone (Figs. 5 and 6).

Previous studies have shown that the use of CAP to treat melanoma has increased cytotoxicity!*?*%. In
addition, previous studies have shown that dox treatment increased cytotoxicity in melanoma cells?*?%3°. Our
analysis in the field of cytotoxicity showed that the combined treatment of CAP and DOX significantly increases
(ES: 11.71) cytotoxicity compared to the treatment of CAP(ES: 5.75) or DOX(ES: 7.27) alone (Fig. 4). In addition,
in the intragroup analyses among the studies that used the combined treatment, an increase in cytotoxicity was
shown in the combined treatment (ES: 11.71) compared to the CAP(ES: 1.48), DOX(ES: 6.94) treatment, but
this increase was nonsignificant (Figs. 5 and 6). The results of previous studies, consistent with the results of our
analysis, have shown an increase in cytotoxicity due to combined treatment with CAP and DOX?*%.
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Fig. 5. Forest plot of intragroup analysis of the cell death and cytotoxicity in melanoma-based CAP treatment.

Many studies about the use of CAP for cancer therapy have shown that plasma can initiate cell death!®2%%,
Similarly, doxorubicin can also cause increased cell death in melanoma cancer cells?**%°. Moreover, a previous
study indicated that combined treatment with CAP and DOX had an increased effect on melanoma cell death?>%.
In contrast, our meta-analyses have shown that cell death is reduced by combined treatment, but this reduction
was not significant (Fig. 3). However, in the intra-group analysis of studies that had combined treatment, cell
death increased (ES: 2.14) compared to the cap (ES: 1.21) and dox(ES: 1.35) treatment group alone. but, this
increase was not statistically significant. As a result, it is not possible to give a firm opinion on this matter (Figs. 5
and 6).

Although the overall results and subgroup analyses were not statistically significant, the inverse association
with cell death observed in the overall meta-analysis and subgroup analyses may be linked to variations in cell
lines, drug dosages, or experimental conditions in each study.

In the present study, a significant relationship between cell viability and cytotoxicity was observed with the
combination of CAP and DOX in melanoma. Furthermore, due to limitations such as high heterogeneity in
several included studies, probably the result of variation in study design, and relatively small sample size, further
studies are necessary to understand the effect of combined CAP and DOX treatment on cell death.

Conclusion

It appears that this is the first meta-analysis to investigate the impact of checkpoint inhibitor treatment (Anti-PD1,
Anti-CTLA4) on the level of T-lymphocyte (CD4+, CD8+). Our study found that the response or nonresponse
to checkpoint inhibitor treatment in melanoma patients is correlated with the level of T-lymphocyte (CD4+,
CDS8+). Furthermore, in a melanoma mouse model, tumor volume and survival were found to be linked to
T-lymphocyte (CD4+, CD8+) levels following checkpoint inhibitor treatment. These findings may aid researchers
in selecting a more appropriate treatment protocol when dealing with melanoma. Our findings demonstrate
that the combination of CAP and DOX produces synergistic effects on reducing melanoma cell viability and
increasing cytotoxicity. These effects are likely mediated through mechanisms such as enhanced oxidative stress
and DNA damage. However, the reliance on in vitro data underscores the need for additional research in vivo
and clinical settings to validate these findings.
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Fig. 6. Forest plot of intragroup analysis of the cell death and cytotoxicity in DOX treated melanoma.

Limitation

Sources of variation contributing to the high heterogeneity in our study include study design, sample size, and
methodology. Suggested future approaches to minimize heterogeneity involve classifying studies based on
experimental context. In addition, most studies were in vitro, and validation of in vivo models and clinical trials
is needed in future studies.

Data availability
Data is provided within the manuscript or supplementary information files.
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