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Abstract- L-methioninase (L-Met), a methionine-degrading enzyme, has shown potential for anticancer
therapy. Many tumor tissues have a limited ability to produce methionine and depend on external sources;
hence, these tumors can be targeted by methionine-based treatments. The present study was conducted to
investigate the effects of L-Met on cancer cells, particularly hepatocellular carcinoma (HepG2) and pancreatic
carcinoma (PANC-1), and to evaluate its viability as a therapeutic agent. Various techniques, including
ammonium sulfate precipitation, dialysis, ion-exchange chromatography, and gel filtration chromatography,
were employed to purify the enzyme L-Met. A cytotoxicity test was conducted against HepG2 and PANC-1
cells (at 25-200 pg/mL concentrations), using the MTT to evaluate cell viability, total nuclear intensity (TNI),
and cell membrane permeability (CMP). Statistical analysis was done using one-way ANOVA and Dunnett's
multiple comparisons test to compare study groups. L-Met displayed dose-dependent growth inhibition of the
specified cell lines. The PANC-1 cell line exhibited an 1Cso of 64.68 pg/mL, indicating a higher sensitivity to
L-Met compared to WRL 68 normal cells, which had an ICso of 214.0 pg/mL. Regarding HepG2, an even lower
IC5, of 66.44 pg/mL was observed, further confirming the selective targeting of cancer cells by L-Met.
Treatment with L-Met at a 200 pg/mL concentration significantly decreased TNI and CMP levels in both the
PANC-1 and HepG2 cell lines, indicating increased cytotoxicity and compromised membrane integrity.
Additionally, L-Met reduced matrix metalloproteinase activities in both cancer cell lines, a critical factor in
metastasis. Our study demonstrates the dose-dependent cytotoxic effects of L-Met on methionine-dependent
tumor cells, specifically HepG2 and PANC-1. These findings highlight the need for optimized L-Met dosing
strategies in cancer treatment, particularly for methionine-dependent malignancies, paving the way for its
potential use in targeted cancer therapy.
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Introduction

L-methioninase (L-Met) catalyzes the breakdown of
L-methionine into ammonia, o-ketobutyrate, and
methanethiol. Pyridoxal 5'-phosphate is essential for the
enzyme to eliminate L-methionine in its y form (1), as
well as L-cysteine and its analogs in their a and B forms
(2).

Methionine is an essential amino acid crucial to
mammalian metabolism, including protein synthesis,
glutamine production, and polyamine biosynthesis (3,4).

Several cancer cells exhibit an increased dependence on
plasma methionine for the synthesis of protein and
regulation of DNA expression (5). Deprivation of
methionine has been shown to induce apoptosis in cancer
cells and arrest them in the late S-G2 phase of the cell
cycle (CC) (6).

One promising approach in anticancer therapy
involves using L-Met to inhibit the growth of tumors that
are dependent on L-methionine for their growth and
proliferation (5). Numerous cancer cell lines, including
those derived from the breast, kidney, colon, lung, and
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prostate tissues, have been used to assess the anticancer
activity of L-Met (7). Recombinant methioninase has
demonstrated broad selective efficacy against various
cancer cell lines in vitro (7). It is also effective against the
BRAF-V600E mutant melanoma patient-derived
orthotopic xenografting in a mouse model (8). Sundar and
Nellaiah found that administrating L-Met to mice with
Dalton’s ascites lymphoma cell lines inhibited tumor
growth and increased the longevity of the mice (9).

Human cancer cell lines and cancer xenografts have
displayed a dependency on methionine in animal models,
indicating that cancer cells require higher levels of
methionine for their development compared to normal
cells (10,11). This metabolic abnormality is specific to
cancer cells, preventing them from proliferating in media
with low methionine levels. In contrast, non-malignant
mammalian cells can divide normally without
methionine, as long as homocysteine is available in the
growth media (12). Animals fed diets that substitute
homocysteine for methionine often exhibit normal
development (12). However, in the presence of
homocysteine, most cancer cells fail to proliferate and
depend on exogenous methionine (13,14). Methionine
restriction has a greater effect on tumors than on healthy
tissues. Conversely, limiting other essential amino acids
proves either ineffective or highly detrimental (15).

The current study was designed to evaluate the effect
of L-Met on pancreatic (PANC-1) and hepatocellular
(HepG2) cancer cells and to investigate the mechanisms
underlying the inhibitory effects of L-Met on cell survival
and CC progression.

Materials and Methods

Sample preparation
Sample collection

A total of 150 clinical samples were randomly
collected from patients with urinary tract infections,
burns, sputum infections, wounds, and otitis media who
were hospitalized at Baghdad Hospital (Iraq). All samples
were transferred under sterile and cool conditions.

Buffer preparation
Potassium phosphate (0.5 M, pH 7), Tris-HCI (0.05
M, pH 7), and Tris-base (0.1 M, pH 8 and 9) buffers were
used to maintain a specific pH during the enzyme activity
assay. Additionally, we prepared specific solutions for
purification, including sodium chloride (0.25 M), sodium
hydroxide (0.25 M), and hydrochloric acid (0.25 M).
identification  of

Isolation and pseudomonas
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aeruginosa

Samples were cultured in brain heart infusion broth
and subjected to general and differential culture
techniques. P. aeruginosa colonies were identified using
lactose non-fermenting MacConkey and cetrimide agars
for pyocyanin and fluorescein production and the
VITEK-2 system. Biochemical tests, including oxidase,
catalase, indole, citrate utilization, and urease production
confirmed the identification of bacteria.

L-met activity assay

The Nesslerization method was utilized to assess the
activity of L-Met. A reaction mixture containing 1% L-
methionine, potassium phosphate buffer (0.5 M, pH 7),
pyridoxal phosphate (PLP), and crude enzyme was
prepared and incubated at 30° C for one hour. The
reaction was then stopped by adding trichloroacetic acid,
and the release of ammonia was measured using a Nessler
reagent. The enzyme-specific activity was expressed as
micromoles of ammonia produced per minute per
milligram of protein.

Protein concentration determination

Bradford's method was employed to quantify the
protein concentration. The absorbance was measured at
595 nm, and a standard curve was generated using bovine
serum albumin.

Purification of L-met
Ammonium sulfate precipitation

The crude enzyme was added to the ammonium
sulfate at different concentrations: 30%, 40%, 50%, 60%,
70% and 80%. The enzyme was centrifuged at 6,000 rpm
at 4°C for 6 hours. The optimum saturation was then
determined to be 70%, at which point the enzyme
exhibited maximum activity.

Enzyme dialysis

A precipitated enzyme was dialyzed using a dialysis
tube with a molecular weight cut-off of 3,500 Da against
potassium phosphate buffer, at pH 7, maintained at 4° C
for 24 hrs.

lon exchange chromatography

Further purification of the target was performed by
using DEAE-cellulose resin. The enzyme solution was
applied to the DEAE-cellulose column and subsequently
washed with phosphate buffer. Proteins were eluted with
stepwise gradients of sodium chloride at concentrations
of 0.1 M and 1 M. Enzyme activity and protein
concentration were assessed for each fraction.



Gel filtration chromatography

In the final step, Sephadex G-150 gel filtration
chromatography was performed. The enzyme was applied
to a pre-equilibrated column, and fractions were
collected. For each enzyme activity, the protein
concentration was determined.

Enzyme characterization
Optimum pH and temperature

The optimum pH of L-Met was determined using
buffers with pH values ranging from 4 to 9. Also,
temperature stability was assessed across a series of
temperatures from 10° C to 60° C. Enzyme activity was
measured based on substrate degradation under each
condition.

Cytotoxicity assay
Cell line culturing

The L-Met cytotoxicity was evaluated on two cancer
cell lines: HepG2 and PANC-1. The cells were cultured
in RPMI-1640 medium supplemented with 10% fetal
bovine serum, 100 IU/mL of penicillin, and 100 pg/mL
of streptomycin.

MTT assay

Tumor cells were seeded in a 96-well plate at a density
of 1x10*-1x10° cells/mL and incubated with serial
dilutions of the enzyme at concentrations of 25-400
pg/mL for 24 hours. After the incubation period, MTT
solution was added to each well, followed by a further
incubation of 4 hours. The resultant purple formazan
crystals, formed from the reduction process, were
dissolved in a solubilization solution and measured at 575
nm using an ELISA reader. The ICs, was calculated
based on the enzyme concentration that resulted in 50%
inhibition of cell viability.

VCC and TNI

VCC was utilized to measure the number of living
cells present after L-Met treatment. The VCC was
assessed using the MTT assay, in which cells were treated
with various enzyme concentrations and subsequently
incubated with an MTT reagent. The reduction in cell
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viability was quantified by measuring MTT to formazan
conversion. TNI involves evaluating nuclear damage
induced by the enzyme, likely indicating DNA damage or
apoptosis. TNI was determined using nuclear staining
techniques, e.g. DAPI, and analyzed with a fluorescence
microscope to evaluate the extent of nuclear
fragmentation, a characteristic feature of apoptosis. In the
end, treated cells were compared with untreated cells to
assess the effect of L-Met on cell integrity.

Statistical analysis

The normality of the data was evaluated using the
Shapiro-Wilk test. Normally and non-normally
distributed data were analyzed using parametric tests and
non-parametric  tests, respectively. All data were
expressed as the meanzstandard deviation (SD) or
meanzstandard error of the mean (SEM). Graphical
representations were created to visualize trends and
comparisons across various experimental conditions,
with error bars indicating the variability within the data.
A one-way Analysis of Variance (ANOVA) was
conducted to assess the impact of different experimental
conditions—such as nitrogen sources, carbon sources,
pH, temperature, and incubation duration—on L-Met
activity. When significant differences were identified
(P<0.05), post-hoc pairwise comparisons were performed
using Tukey’s Honestly Significant Difference (HSD)
test to detect differences between specific groups. A
repeated-measures  ANOVA was employed for
experiments that included time-dependent alterations in
enzyme activity (e.g. optimum incubation period). Post-
hoc analyses were conducted to identify specific time
points with significant differences. The cytotoxicity
effects of L-Met on cancer cell lines (A-172 and SK-OV-
3) were assessed by determining the VCC, TNI, cell
membrane  permeability (CMP), and  matrix
metalloproteinase (MMP) levels. The VCC, TNI, and
CMP data were analyzed using Dunnett's Multiple
Comparisons Test to compare treated groups with the
control group. Results from all experiments were deemed
statistically significant if the p-value was less than 0.05.
All statistical analyses were performed using GraphPad
Prism 9.4 software.
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Sample Collection
(150 clinical samples)

Isolation & Id:ntification
of P. aeruginosa

Preparation of Buffers

Assay for L-methioninase
Activity (Nesslerization)

Isolation & Purification
of L-methioninase

Cytotoxicity Assessment
(MTT Assay on Cell Lines)

Statistical Analysis

Figure 1. Schematic representation of the study procedure

Results

Optimal conditions for producing L-Met
Optimal temperature

Temperature stability was observed within the range
of 10° C-60° C. Enzyme activity increased with
temperature until it reached a maximum of 1.5 U/ml at
37°C. As the temperature continued to rise, enzyme
activity declined, reaching 0.9 U/ml and 0.5 U/ml at 42°

3.0 4
2.5 4
2.0
1.5 -

1.0

Specific actvivity (U/mg protein)

0.0 T

C and 47° C, respectively, indicating a reduction in
enzyme performance at higher temperatures. The specific
activity of the enzyme also increased with rising
temperatures, peaking at 37° C with a value of 2.7 U/mg
of protein. However, at 42° C, the specific activity of L-
Met reduced to 0.9 U/mg of protein, suggesting that
enzyme efficiency diminishes with increasing
temperature (Figure 2).

0.5 - —+— Specific activity (U/mg protein)

27 32

37 42

Temperature (°C)

Figure 2. Influence of temperature on the specific activity of L-Met

Optimal PH
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The optimum pH range for enzyme activity was found



to be between pH 4 and pH 9. At pH 7, the enzyme
demonstrated the highest activity, with a significant
reduction in activity observed at both more acidic and
alkaline pH levels. Also, the data revealed that the
stability and activity of the enzyme were highest at pH 7
and 8, though there was a substantial decrease in activity
at highly acidic and alkaline pH levels (Figure 3).
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Figure 3. Optimum pH for the production of L-Met enzyme from
Pseudomonas aeruginosa A6 following incubation at 37°C for 48 h

Optimal period for incubation

The specific activity of the enzyme increased to a peak
of 3.3 U/mg of protein for 48 h. However, after 72 hours,
the specific activity of L-Met declined to 2.5 U/mg of
protein, indicating a decrease in enzyme efficiency with
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prolonged incubation (Figure 4).
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Figure 4. Optimum incubation period for producing L-Met by

Pseudomonas aeruginosa at 37°C

Isolation of L-met from P. aeruginosa

Three purification steps were used to isolate the
enzyme produced by P. aeruginosa. The first step
included precipitating L-Met with ammonium sulfate. A
precipitation range of 30%-80% ammonium sulfate
saturation was employed in the crude enzyme solution.
The optimum condition for maintaining enzyme activity
was observed at 70% ammonium sulfate saturation,
yielding the highest enzyme activity of 4.5 U/ml and a
specific activity of 11.2 U/mg of protein (Table 1).

Table 1. Activity of L-Met at different ammonium sulfate
saturations

Ammonium sulfate (%)

Enzyme activity (U/ml)
0.9

15
2
4

45

3.8

lon-Exchange Chromatography (IEC)
DEAE-cellulose resin was utilized to enhance the
purification of the enzyme. After eluting the enzyme
fractions using a sodium chloride gradient ranging from
0.1to 1 M, we evaluated the protein content and activity.
IEC separates ionizable molecules based on differences
in their charge characteristics. The observed fractions
were analyzed by measuring their optical density (OD) at
280 nm with the aid of a spectrophotometer. A distinct
protein peak was noted during the washing phase, where
a potassium phosphate buffer was used to elute positively
charged proteins. This washing process continued until
the OD values reached zero, signifying the complete
elution of positively charged proteins from the column. A
second peak was identified during the elution phase,
where a sodium chloride concentration gradient was

applied to release the negatively charged proteins bound
to the column. Fractions 59 to 66 contained the majority
of enzyme activity, exhibiting a purification fold of 2.6
and an overall yield of 48%. The specific activity of these
fractions was determined to be 10.7 U/mg of protein
(Figure 5).

Gel filtration chromatography of L-met

L-Met was successfully purified in the final step using
Sephadex G-150 gel filtration. During this process, the
obtained fractions were assessed for protein
concentration and enzyme activity (Figure 6). The
application of Sephadex G-150 gel filtration resulted in a
significant increase in the specific activity of the enzyme,
achieving a level of 16.6 U/mg, along with a 4.6-fold
increase in purity. However, the recovery yield from this
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step relatively reduced at 45%, as compared to other
purification techniques (Table 2).
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Figure 5. L-Met ion-exchange chromatography using DEAE-cellulose resin
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Figure 6. Gel filtration chromatography of L-Met using Sephadex G-150
Table 2. Purification step for L-Met production from Pseudomonas aeruginosa
Purification step Volume Enzyme Protein Specifi Total Purification Yield
(ml) activity (U/ml) concentration c activity activity (folds) (%)
(mg/ml) (U/mg) ((9))
Crude enzyme 70 1 0.3 33 70 1 100
Ammonium 11 45 04 11.2 49.5 3.4 70.7
sulphate
recipitation
(70%0)
DEAE-cellulose 21 2.2 0.1 22 46.2 6.6 66
Sephadex- G150 21 15 0.09 16.6 315 5 45

Characterization of purified L-met

Effect of PH on the activity and stability of L-met
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The correlation of pH levels with enzyme activity,
measured in U/ml, is depicted in Figure 7. The enzyme



exhibited optimum activity at a pH close to 7, reaching a
maximum activity level of 1.5 U/ml. However, enzyme
activity reduced under both more acidic (pH 5) and more
alkaline (pH 9) conditions. Also, enzyme activity
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gradually declined at higher alkaline (pH 9 and 10) and
acidic (pH 5) pH levels, with optimal structural stability
observed at pH 7 and 8.

—+— Remaining activity...

10

Figure 7. Effect of pH on the (a) specific activity and (b) structural stability of enzyme

Effect of temperature on the activity and stability of
enzyme

The correlation of temperature with enzyme activity,
measured in U/ml, is illustrated in Figure 8. The enzyme
demonstrates optimum activity at 37° C. At this
temperature, the specific activity of the enzyme reached
its peak, followed by a decline at both lower and higher
temperatures. The percentage of residual enzyme activity
in Figures 3-13 displays the structural stability of the

16
1.4 4
12 ¢

0.8 -
0.6 -
0.4 -

0.2 —+—Enzyme activity...

Enzyme activity (U/ml)

37 42 47
Temperature (°C)

27 32

enzyme across varying temperatures. The highest
structural stability was observed at 32° C and 37° C.
However, when the temperature exceeded 37° C, there
was a significant decrease in enzyme stability, with
notable reductions in enzyme activity recorded at
temperatures above 42° C. This observation indicates that
elevated temperatures compromise the structural integrity
of the enzyme, with optimal stability occurring between
32° Cand 37° C.
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Figure 8. a) Optimal temperature for (a) specific activity and (b) structure stability of enzyme

Evaluation of L-met purity

Using polyacrylamide gel electrophoresis, we
evaluated the purity of L-Met isolated from P.
aeruginosa. Following the gel filtration process, the
analysis of the protein profile displayed a single band,
suggesting that the enzyme had attained a high level of

purification. The molecular weight of the isolated L-Met
was found to be around 55 kDa.

Effect of ionic factors on the activity of L-met

The activity of L-Met was evaluated using the
Nesslerization technique. The reaction mixture, which
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included potassium phosphate buffer, 1% L-Met, crude
enzyme, and PLP, was incubated at 30° C for one hour.
After the reaction was terminated, the Nessler reagent
was added to measure the release of ammonia. The
specific activity of the enzyme was calculated in terms of
micromoles of ammonia produced per minute per
milligram of protein. The residual activity of L-Met
following exposure to different ionic compounds at a
concentration of 5 mM s represented in Table 3. The
control enzyme indicated 100% activity. Exposure to

NaNOQOj3 and CuCl; led to a reduction of enzyme activity
to 70%, reflecting a mild inhibitory effect. Conversely,
CaCl; maintained 90% residual activity, implying only a
slight inhibition. Both MnCl, and KCI did not affect
enzyme activity, preserving 100% residual activity.
These findings suggest that certain salts, such as MnCl,
and KCI, do not inhibit L-Met activity, while others,
including NaNO3 and CuCl,, exhibit a mild inhibitory
effect.

Table 3. Effect of various reagents on L-Met activity

Reagent Concentration (mM) Remaining activity (%)
Control (enzyme) 100
NaNOs3 5 70
CaCl 5 90
CuCl 5 70
MnCl 5 100
KCl 5 100

Cytotoxicity effect of L-met on cancer cell lines
Hepatocellular cell line (HepG2)

In the present study, we examined the various effects
of L-Met on the human hepatocellular cell line HepG2.
To assess the effect of different treatment concentrations
of L-Met, we applied doses 200, 100, 50, and 25 pg/mL.
We also utilized the Dunnett's multiple comparison test to
evaluate cell viability across the various experimental
conditions (Figure 9).
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b T ICg=211.4
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Viability%
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Figure 9. L-Met treatment dose-response curves produced for the
normal liver cell line WRL68 and the HepG2 cell line. Cell viability
was assessed after a 24-hour exposure to varying doses of L-Met (25—
500 pg/mL). The calculated ICs, values showed that the HepG2
cancer cell line is more susceptible to the effects of L-Met than the
WRL68 normal cell line, with 1C5, values of 214.0 pg/mL for WRL68
and 66.44 pg/mL for HepG2. Standard deviations from trials
conducted in triplicate are represented by error bars

In the HepG2cell line, a decrease in the viable cell
count (VCC) was observed as the dose of L-Met
increased. The treatments at 200 pg/mL resulted in
significantly lower viability when compared to the
untreated control, with an average difference of 1971
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(P=0.0022). The 100 pg/mL dose also demonstrated a
substantial decrease in VCC, showing an average
difference of 1469 (P=0.0082). In contrast, the lower
concentrations of 50 and 25 pg/mL did not indicate
significant differences, with p-values of 0.8553 and
>0.9999, respectively. These results indicate that higher
doses of L-Met have a pronounced effect, while lower
doses are insufficient to induce a cytotoxic response in
osteoblastoma cells (Figure 10).
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Figure 10. L-Met enzyme tested for its effect on VCC
permeability by assessing the fluorescent intensity

We observed a similar trend in the HepG2 cell line
regarding TNI. The specific dose of L-Met at 200 pug/mL
resulted in a significant reduction compared to the vehicle
control, with a mean difference of -215.5 (P=0.0007). In
contrast, the 100 pg/mL dose of L-Met produced a mean
difference of -151.0 (P=0.0034). However, the
concentrations of 50 and 25 pg/mL did not induce any
significant reductions in cell viability, as indicated by



their respective p-values of 0.3358 and 0.9922. These
data further support the dose-dependency cytotoxicity of
L-Met in the HepG2 cell line (Figure 11).
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Figure 11. L-Met enzyme tested for its effect on TNI permeability
by assessing the fluorescent intensity

Further analysis also indicated a significant difference
in CMP. The 200 pg/mL dose exhibited a mean
difference of -59.00, with statistical significance at
P=0.0092, indicating a substantial decrease in CMP in
HepG2 cells. In contrast, the results for the lower doses
of 100, 50, and 25 pg/mL were not statistically
significant, as their respective p-values were above 0.05
(Figure 12).
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Figure 12. L-Met enzyme tested for its effect on CMP by
assessing the fluorescent intensity

The dose of 200 pg/mL significantly reduced MMP
with a mean difference of 279.0 (P=0.0037) and for 100
pg/mL as158.5 and P=0.0392. Once again, the two lowest
concentrations of 50 and 25 pg/mL did not reveal any
significant effect, further establishing that a higher
concentration is necessary for the expression of
cytotoxicity in these two cell lines (Figure 13).
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Figure 13. L-Met enzyme tested for its effect on MMP by
assessing the fluorescent intensity

The analysis of the CC further confirmed these dose-
dependent trends. The 200 pg/mL dose for the HepG2
cell line exhibited a significant decrease, with a mean
difference of -104.5 and a p-value of 0.0015. In contrast,
the 100 pg/mL dose also resulted in a decrease in CC
progression, with a mean difference of -64.50 and a P of
0.0130. However, the lower doses of 50 and 25 pg/mL
were statistically nonsignificant, with P of 0.9085 and
0.9988, respectively (Figure 14).
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Figure 14. L-Met enzyme tested for its effect on CC permeability
by assessing the fluorescent intensity

Pancreatic cancer (PANC-1)

The effects of L-Met on the selected cellular
parameters— specifically VCC, TNI, CMP, MMP, and
CC— in PANC-1 cells were assessed by Dunnett's
multiple comparison tests (Figure 15).
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Figure 15. Dose-response curves for the L-Met treatment of the
normal WRL68 and the PANC-1. Cell viability was assessed after a
24-hour exposure to different concentrations of L-Met (25-500
pg/mL). The ICs, values indicate that the PANC-1 tumor cell line is
more sensitive to L-Met compared to the normal WRL-68 cell line,
with an ICs, value of 64.68 pug/mL for PANC-1, compared to 214.0
pg/mL for WRL-68. Error bars represent standard deviations from
trials conducted in triplicate

A significant dose-dependent reduction in VCC was
observed in PANC-1 cells. For instance, the 200 pg/mL
dose resulted in a mean difference of 1543 (P=0.0031),
while the 100 pg/mL dose significantly reduced VCC
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with a mean difference of 1175 (P=0.0096). In contrast,
the lower doses of 50 pg/mL and 25 pg/mL did not

exhibit any cytotoxic effect, with P of 0.7843 and 0.9855,
respectively (Table 4).

Table 4. Dunnett's multiple comparison test results for VCC in PANC-1 cells

Number of
p— 1
families
Number of
comparisons per 4
family
Alpha 0.05
0,
Comparison Mean  Mean  Mean gi gof Below Summar Adjusted Sol;: nl n2 DF
P 1 2 Diff. . Threshold? Y pPvalue 0 q
Diff. Diff.
Untreated vs. 813 to
3245 1702 1543 Y *ox 00031 2728 2 2 5653 5
200 pg/mL 2273 s
Untreated vs. 478 to
3245 2070 1175 Y o 00096 2728 2 2 4307 5
100 pg/mL 1872 e
Untreated vs. 50 5,0 5,4, g3 07210 No ns 07843 2728 2 2 0726 5
pg/mL 1068
Untreated vs.25 4,0 3533 g,  882to No ns 09855 2728 2 2 0044 5
pg/mL 858

In the TNI assay, a similar pattern of cytotoxicity was
observed with the same dosage. For the 200 pg/mL dose,
the reduction in TNI was substantial, with a mean
difference of -179.5 (P=0.0011). The 100 pg/mL dose
also resulted in a significant reduction, with a mean

difference of -120.0 (P=0.0064). However, no significant
alterations were observed in TNI at the lower
concentrations of 50 pg/mL and 25 pg/mL, which had P
of 0.6352 and 0.8951, respectively (Table 5).

Table 5. Dunnett's multiple comparison test results for TNI in PANC-1 cells

Number of
. 1
families
Number of
comparisons 4
per family
Alpha 0.05
. Mean Mean Mean 95% CI of Below Summar Adjus SE n
Comparison 1 ) Diff. Diff Thres ted P of nl 2 q DF
: : hold? y Value  Dff.
Untreated
vs. 200 518.5 339.0 -179.5 -263.0 to -96.0 Yes HAE 0.0011 22.30 2 2 8.048 5
pg/mL
Untreated
vs. 100 518.5 398.5 -120.0 -203.5 to -36.5 Yes *x 0.0064 2230 2 2 5.383 5
pg/mL
Untreated 5185 4860  -325 -116.0 t0 51.0 No ns 06352 2230 2 2 1459 5
vs. 50 pg/mL
Untreated 505 585 100 93510735 No ns 0.8951 2230 2 2 0448 5
vs. 25 pg/mL

L-Met also influenced cell membrane integrity in
PANC-1 cells, as evidenced by a significant decline in
CMP of -59.00 at the 200 pg/mL dose, with a p-value of
0.0092. In contrast, the 100 pug/mL concentration did not
significantly affect CMP, with a p-value of 0.9793.
Similarly, the lower concentrations of 50 pg/mL and 25
pg/mL also showed no significant effects, with P of
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0.9976 and 0.7035, respectively (Table 6).

The highest doses of two L-Met treatments
significantly reduced the activity of the key player in
cancer metastasis, MMP. The 200 pug/mL dose revealed
an average reduction of 279.0 (P=0.0037), while the 100
pg/mL dose led to a reduction of 158.5 (P=0.0392). In
contrast, the lower doses of 50 pg/mL and 25 pg/mL did
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not result in significant alterations, with p-values of also resulted in a significant decline in CC, with a mean
0.6663 and 0.8995, respectively (Table 7). difference of -64.50 (P=0.0130). However, the 50 pug/mL
CC analysis showed that a dose of 200 pg/mL of L- and 25 pg/mL doses did not exhibit statistical

Met significantly reduced CC in PANC-1 cells, with a significance, with P of 0.9085 and 0.9988, respectively
mean difference of -104.5 (P=0.0015). A 100 pg/mL dose (Table 8).

Table 6. Dunnett's multiple comparison test results for CMP in PANC-1 cells

Number of 1
families
Number of 4
comparisons per
family
Alpha 0.05
Comparison Mean Mean Mean 95% Below Summary Adjusted SE nl n2 q DF
1 2 Diff. CI  Threshold? P Value of
of Diff.
Diff.
Untreated vs. 200 176.0 2350  -59.00 - Yes wx 0.0092 11.08 2 2 5.326 5
pg/mL 97.51
to -
20.49
Untreated vs. 100 176.0 180.5 -4.500 - No ns 0.9793 11.08 2 2 0.406 5
pg/mL 43.01
to
34.01
Untreated vs. 50 176.0 173.5 2.500 - No ns 0.9976 11.08 2 2 0.226 5
to
41.01
Untreated vs. 25 176.0 164.5 11.50 - No ns 0.7035 11.08 2 2 1.038 5
pg/mL 27.01
to
50.01

Table 7. Dunnett's multiple comparison test results for MMP in PANC-1 cells

Number of |
families
Number of
comparisons 4
per family
Alpha 0.05
0,
Comparison Mean  Mean  Mean gi ff Below Summar Adjusted Sol;: nl n2 DF
p 1 2 Diff. g Threshold? y P X q
Diff. Diff.

Untreated vs. 130.7 to

877.0 5980  279.0 Y o 0.0037 4265 2 2 6541 5
200 pg/mL 4273 es
Untreated vs. 10.22 to

. 18. 158. Y * 0392 42, 2 2 371

100 pg/mL 8770 7185 185 oo es 0.039 65 3716 5
Untreated vs. 50 o0 g3, 4790 1013 No ns 06663 4265 2 2 1102 5
pg/mL to 195.3
Untreated vs.25 oo, gu55 o550 1198 No ns 08995 4265 2 2 0668 5
pg/mL to 176.8
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Table 8. Dunnett's multiple comparisons test results for CC in PANC-1 cells

Number of
ope 1
families
Number of
comparisons 4
per family
Alpha 0.05
Comparison Mean Mean Mean 95% CI Below Summar Adjusted SO];: ol n2 DF
p 1 2 Diff. of Diff. Threshold? y P Diff q
Untreated vs. -150.2 to -
487.5 592.0 -104.5 *ok 0.0015 13.15 2 2 7.947 5
200 pg/mL 58.79
Untreated vs. -110.2 to -
487.5 552.0 -64.50 * 0.0130 13.15 2 2 4905 5
100 pg/mL 18.79
Untreated vs. -37.21 to
487. 479. .500 .908 13.1 2 2 .64
50 pg/mL 7.5 79.0 8.50 5401 ns 0.9085 3.15 0.646 5
Untreated vs. -43.21 to
487.5 485.0 2.500 0.9988 13.15 2 2 0.190 5
25 ng/mL 4821 ns

Discussion

The dependence on L-methionine is a peculiar
characteristic often observed in malignantly transformed
cells, indicating an essential need for this amino acid in
their proliferation. L-Met exploits this weakness of
cancer cells by catalyzing the breakdown of L-methionine
to a-ketobutyrate, methanethiol, and ammonia, starving
these cells of the amino acid while leaving normal cells
unaffected. This finding has been supported by a very
recent study that demonstrates the significant cytotoxic
effects of L-Met on various cancer cell lines, including
HepG2 and PANC-1 (16). Furthermore, recombinant L-
Met derived from Pseudomonas species has shown
increased stability and therapeutic efficacy, particularly
when newer delivery systems, such as PEGylation, are
employed. PEGylation extends the half-life of the
enzyme in the blood while simultaneously lowering its
associated immunogenicity (17).

In combination therapies, L-Met has been used
synergistically with traditional chemotherapeutics,
including doxorubicin, to enhance cytotoxic effects on
tumors. It is especially effective against resistant cancer
cells, such as those that overexpress anti-apoptotic
proteins such as Bcl-2, where its combination with drugs
has also elicited significantly improved response (18).

Our results indicated that L-Met exerts a cytotoxic
effect on HepG2 cells in a dose-dependent manner. As the
concentration of L-Met increased, cell viability
significantly declined. The highest concentration tested
(200 pg/mL) resulted in a notable decrease in the VCC,
with an average difference of 1971 compared to untreated
cells. Similarly, the VCC was significantly reduced in the
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100 pg/mL group, with a mean difference of 1469 and a
p-value of 0.0082. However, no significant effect on cell
viability was observed at the lower concentrations of 50
pg/mL and 25 pg/mL. Other cellular parameters, such as
TNI and CMP, exhibited a similar trend to VCC, showing
significant effects only at higher concentrations of L-Met.
The 200 pg/mL dose significantly decreased TNI and
CMP, further confirming the dose-dependent cytotoxicity
of L-Met against HepG2 cells. However, at lower
dosages, no significant changes were observed in these
parameters, reinforcing the notion that higher
concentrations are more effective. This finding suggests
that elevated concentrations of L-Met may be necessary
to induce cytotoxicity in HepG2 cells. Hence, this
situation establishes L-Met as a potential therapeutic
agent capable of targeting specific cancerous cells.

In normal cells, methionine synthase converts
homocysteine  into  methionine  using  methyl
tetrahydrofolate and betaine as methyl group donors (17).
However, methionine synthase is either absent or present
in trace amounts in methionine-dependent tumor cell
lines (19). Previous studies have documented that cancer
cell lines rely on methionine synthase more than normal
cells (20). L-methionine is essential for biological
processes, including the synthesis of vitamins,
antioxidants, DNA stabilizers, coenzymes, epigenetic
DNA modulators, proteins, and polyamines, which are
crucial for healthy cell development. It also plays a vital
role in iron-sulfur cluster biosynthesis (energy
metabolism), methylation reactions, and antioxidative
stress defense (glutathione/trypanothione). Additionally,
L-Met regulates gene expression (21).

L-Met is a precursor for cysteine production and the



first amino acid incorporated into many functional
proteins following translation. In various animal models,
numerous human cancer cell lines and cancer xenografts
have been found to be methionine-dependent (22). This
dependency is a metabolic abnormality that is unique to
cancer cells, which inhibits their proliferation in
environments with low methionine levels (23). As a
result, L-Met has attracted significant interest as a
potential treatment for several kinds of methionine-
dependent cancers (24). In our study, L-Met exhibited a
cytotoxic effect on PANC-1 cells across all dose-
dependent parameters. Notably, it reduced VCC by 1543
at a dose of 200 pg/mL, which was statistically significant
at a p-value of 0.0031. A similar reduction in TNI due to
the action of the enzyme was observed at -179.5, which
was considered significant at P=0.0011. The enzyme
demonstrated comparable reductions in other parameters,
such as CMP, MMP, and CC. Notable reductions were
also evident at the 100 pg/mL dose for VCC, TNI, and
MMP. In contrast, lower doses of 50 pg/mL and 25
pg/mL did not significantly impact any of the parameters;
therefore, higher concentrations of L-Met are necessary
for a meaningful induction of cytotoxic response in
PANC-1 cells. These findings underscore the potential of
the enzyme as a targeted anticancer agent against PANC-
1.

The Warburg effect, which describes an increased
dependence on glucose through glycolysis and is
frequently observed in malignant cells, was demonstrated
by cancer cells (25). Facilitative glucose transporter
(GLUT) proteins are essential for glucose transport,
which is the rate-limiting step of glucose metabolism in
cells. Cancer cells absorb more glucose than normal cells
because their sugar transporters become active. Among
the various transporters, glucose transporters (GLUTS)
and sodium-dependent glucose transporters (SGLT) play
crucial roles in tumor cells, where membrane transporters
and channel proteins enhance uptake from external
sources and endogenous synthesis increases (26). The
expression of the sodium-glucose symporter SGLT2, one
of the SGLT transporters, was considerably higher in the
liver and lymph nodes (27). Additionally, fatty acid
production and glutamine metabolism rates are elevated
in tumors. Human HepG2, oral cancer, the human PANC-
1 cell line (28), and MKN45 (human gastric cancer) have
all been shown to express GLUT1 at high levels. Active
transport through SGLT or facilitated diffusion via GLUT
enables glucose to cross the cell membrane (29). Thus,
the efficacy of widely used medicinal drugs is enhanced
by cellular metabolic enzymes, including glucose
transporters, hexokinase, pyruvate kinase, lactate
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dehydrogenase, pyruvate dehydrogenase kinase, fatty
acid synthase, and glutaminase. The overexpression of
GLUT-1 has been shown to increase the activity of the
MMP-2 promoter and facilitate the binding of p53 to the
MMP-2 promoter (30). Glutamate transport is mediated
by solute carrier family A1 member 5 (SLC1A5), which
has been overexpressed and linked to squamous lung
cancer (31). Fatty acids are transported by the carnitine
palmitoyltransferase 1 transporter as acyl-CoA and
subsequently converted to acetyl-CoA. Acetyl-CoA
enters the tricarboxylic acid cycle through oxidative
phosphorylation, generating NADH, which provides
energy for the cell (32).

Further research into gene therapy advancements has
led to the development of adenoviral vectors that
introduce the methioninase gene to tumor cells,
increasing local expression of the enzyme and amplifying
its therapeutic effects. This approach is complemented by
the use of agents such as selenomethionine, which induce
oxidative stress and apoptosis in tumor cells, enhancing
treatment outcomes. Despite these promising results,
challenges remain in identifying effective delivery
systems, managing potential side effects, and refining the
therapeutic window to maximize efficacy while
minimizing harm to normal tissues. However, ongoing
developments in recombinant technology, nanoparticle
delivery systems, and combination therapies suggest a
promising future for L-Met as a new cancer treatment
strategy.

Our findings highlight the significant potential of L-
Met as a selective anticancer agent, with its effects
demonstrating a clear dose-dependent relationship.
Higher concentrations of L-Met exhibited substantial
cytotoxicity toward HepG2 and PANC-1 tumor cells, as
evidenced by reductions in VCC, TNI, and CMP. These
changes indicate that L-Met effectively induces cell death
in methionine-dependent tumor cells. However, there was
no noticeable cytotoxicity at lower concentrations,
highlighting that the therapeutic efficacy of L-Met is
closely tied to its concentration. This dose-dependent
behavior emphasizes the importance of optimizing L-Met
dosage in cancer therapies, particularly for tumors reliant
on methionine, offering a promising avenue for targeted
cancer treatments.
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