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ALTERATIONS IN ARGINASE ACTIVITY, NITRIC OXIDE, AND MDA
LEVELS IN BONE MARROW DURING DMBA-INDUCED
BREAST CANCER IN RATS
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This study investigates the therapeutic potential of herbal extracts to mitigate
bone marrow damage during DMBA-induced breast cancer and its treatment
in rats. Untreated tumor-bearing rats showed elevated arginase activity and
malondialdehyde (MDA) levels with reduced nitric oxide (NO) bioavailability.
Treatment with herbal extract combined with the arginase inhibitor nor-NOHA,
significantly reduced MDA and restored NO levels, demonstrating antioxidant and
protective effects on the bone marrow. Conversely, combining a NOS inhibitor
(L-NAME) with herbal extract exacerbated oxidative damage. The findings support
using specific phytotherapeutics as adjuvants to conventional cancer therapy to
maintain bone marrow integrity.
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Introduction. Breast cancer remains one of the most frequently diagnosed
malignancies in women and continues to be a leading cause of cancer-related
mortality worldwide. While chemotherapy, particularly agents like 5-fluorouracil
(5-FU), has contributed significantly to improving patient outcomes, it often
comes with systemic side effects, including adverse impacts on the bone marrow —
the primary site of hematopoiesis and a known niche for metastatic cancer
cell colonization. Chemotherapy-induced alterations in the bone marrow
microenvironment may contribute not only to hematologic dysfunction but also to
conditions that promote tumor progression and metastasis [1].

Among the key biochemical factors affected by cancer and its treatment
are arginase activity, nitric oxide (NO) levels, and malondialdehyde (MDA) con-
centration. Arginase, which hydrolyzes L-arginine to urea and ornithine, competes
with nitric oxide synthase (NOS) for its shared substrate [2]. Its overexpression has
been implicated in immunosuppression and tumor advancement [3, 4], while its
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inhibition, for instance with nor-NOHA, has been shown to restore T-cell activity
and suppress tumor growth [3]. NO itself has a dual role in cancer biology: low levels
may facilitate angiogenesis and tumor survival, whereas higher concentrations may
have tumoricidal effects [5]. Inhibiting NOS with agents such as L-NAME allows
for a better understanding of NO’s complex function in the tumor-bearing
microenvironment. In parallel, MDA is a well-established marker of lipid
peroxidation and oxidative stress, often elevated in malignancies and correlated with
DNA damage, immune escape, and reduced response to therapy [6].

In recent years, interest in phytotherapy — the use of medicinal plant-derived
compounds in treatment — has grown substantially. These natural agents are
known for their potential anti-inflammatory, antioxidant, and anticancer effects [7].
In the present study, we explored the potential benefits of three plant extracts:
Inula helenium, traditionally used in herbal medicine and rich in sesquiterpene
lactones like alantolactone, which exhibit anticancer activity [8]; Alchemilla
smirnovii Juz., a member of the Rosaceae family, valued for its antioxidant
polyphenols and potential tissue-repair properties; and Rumex obtusifolius, known
in folk medicine for its detoxifying and anti-inflammatory actions, with emerging
evidence pointing to anticancer and cytoprotective effects [9, 10].

The current study aims to evaluate changes in arginase activity, nitrite ion
concentration (as a proxy for NO levels), and MDA levels in the bone marrow of
DMBA-induced breast cancer-bearing rats following various treatment regimens.
These included monotherapies with 5-FU or the individual plant extracts, as well as
combinations involving 5-FU, L-NAME (LN), or nor-NOHA (NN) with the plant
extracts. By correlating biochemical alterations in the bone marrow with tumor size
and weight, we seek to understand the relationship between arginine metabolism,
oxidative stress, and tumor progression. Furthermore, this work provides insight into
the possible protective or synergistic effects of herbal extracts when combined with
conventional or targeted therapies. Previous work by our group has demonstrated the
value of similar biomarkers in cancer models [11, 12] and this investigation builds
upon that foundation with a focus on the underexplored bone marrow niche.

Materials and Methods.

Chemicals and Reagents. All chemicals used in the research were purchased
from Sigma-Aldrich.

Collection and Extraction of Plant Material. The Rumex obtusifolius (RO),
Inula helenium (IH), and Alchemilla smirnovii Juz. (AS) were harvested from the
Tavush Region of Armenia (1400-1600 m height above mean sea level) according
to the protocol described before [12]. Dr. Narine Zakaryan identified plant material
at the YSU Department of Botany and Mycology. Plant materials were deposited at
the Herbarium of YSU.

Animals and Experimental Groups. The experimental procedures involving
animals were conducted following the guidelines outlined in Directive 2010/63/EU
[13]. Ethical approval was obtained from the Armenian National Center of
Bioethics. Female albino rats weighing between 120 g and 150 g were randomly
distributed into 8 groups, with each group comprising eight animals, except for the
DMBA group (dimethylbenz(a)anthracene, cancer group), which had 10 animals.
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Following 28 weeks of DMBA administration, the rats were euthanized by
isoflurane using a precision vaporizer with an induction chamber and waste gas
scavenger (RWD Life Science). Isoflurane was administered slowly up to 5% until
respiratory arrest occurred. Animals were monitored for the cessation of respiration
and remained in the euthanasia chamber for an additional 60 s after respiration
had ceased.

The animals underwent a 1-week acclimatization period before the experi-
ment. They were housed in cages with a total area of 3500 cm?, in a temperature-
controlled room set at 25°C, with a 12 h light/12 h dark cycle and relative humidity
of 50-55%. The animals were maintained under constant environmental and
nutritional conditions (Animal Care House, YSU, Faculty of Biology).

To induce breast cancer in rats, a single dosage of 25 mg of 7,12-DMBA
dissolved in 1 mL of soy oil was administered subcutaneously into the 2" set of
mammary glands [11]. The chemical carcinogen was administered when the rats
were aged between 60 and 65 days. The tumor was first detected by touch, and its
size was subsequently measured and monitored regularly.

The laboratory personnel conducted daily health monitoring and tumor
measurements. The body weights of the animals were monitored weekly throughout
the entire experiment.

The selection of plant extract concentrations was based on in vitro findings and
information available in the literature from similar studies involving other plant extracts.

NO Quantity Measurement. The levels of NO in the blood plasma were
quantified by measuring nitrite ions using the Griess assay [6]. Briefly, 100 xL of
plasma samples were combined with 100 uL of Griess reactant. Subsequently, the
supernatant obtained was transferred to tubes with cadmium pellets and left to
incubate at room temperature for 12 h, facilitating the conversion of nitrate to nitrite.
The absorbance was measured at a wavelength of 550 nm (a standard curve
constructed using NaNO,).

Arginase Activity. The modified Diacetyl Monoxime colorimetric method
was employed to assess the arginase activity in blood plasma. The enzyme
activity was quantified as the amount of urea formed per second, measured
in micromoles [14].

Isolation of the Bone Marrow, Cell Counting, and Fixation. The rats were
euthanized by isoflurane using a precision vaporizer with an induction chamber and
waste gas scavenger (RWD Life Science). Isoflurane was administered slowly up to
5% until respiratory arrest occurred. Animals were monitored for the cessation of
respiration and remained in the euthanasia chamber for an additional 60 s after
respiration had ceased. Bone marrow cells were extracted from the femur of the rats
as described before [15]. After isolation, the bone marrow cells were resuspended in
25 mL of DMEM and centrifuged for 5 min at 1500 rpm. The supernatant was
removed, and the pellet was additionally resuspended in 2 mL of DMEM. The cell
suspension was afterward lysed in Radio-Immunoprecipitation Assay (RIPA) lysis
buffer (Biovision) and proceeded with the experimental protocol for further analysis.

Statistics. The findings are depicted as the mean values + standard deviation.
Statistical analyses were performed using GraphPad Prism 10 software, and a
significance level of p < 0.05 was deemed statistically significant.
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Results and Discussion.

Evaluation of the Arginase Activity in the Bone Marrow of the DMBA-
induced Breast Cancer Rat Model.

Changes of the Arginase Enzyme in the Bone Marrow after the Treatment with
the Plant Extract and Chemotherapy Combination. Arginase enzymes, particularly
arginase 1 and arginase 2, play a critical role in the bone marrow by regulating
L-arginine metabolism. Through the hydrolysis of L-arginine into urea and ornithine,
arginase activity influences several key processes within the bone marrow
microenvironment. One of the primary effects of arginase is the depletion of
L-arginine, which is essential for T-cell proliferation and function. This depletion
leads to immunosuppression, a mechanism frequently exploited by myeloid-derived
suppressor cells, especially in pathological conditions such as cancer, chronic
inflammation, and autoimmune diseases. In this study, we evaluate the changes in
arginase enzyme in the bone marrow after the administration.

Arginase activity
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In our study, arginase activity was found to be elevated in the cancer group,
consistent with its known role in promoting immunosuppression and altering the
bone marrow microenvironment during tumor progression. In all treatment groups,
arginase activity decreased compared to the cancer group, except in the group treated
solely with 5-fluorouracil (5-FU), where arginase activity remained elevated.
Interestingly, when 5-FU was combined with Rumex obtusifolius extract, arginase
activity decreased significantly and approached levels observed in the healthy
control group. The most pronounced reduction in arginase activity was observed in
the DMBA+AS+LN group, which received a combination of Alchemilla smirnovii
Juz. extract and a NOS inhibitor. This result is somewhat unexpected, as the NOS
inhibitor would typically reduce nitric oxide production and redirect L-arginine
toward arginase, potentially increasing its activity. However, this anticipated effect
was not observed, suggesting that the plant extract may have had a dominant
suppressive effect on arginase expression or activity, or that other regulatory
mechanisms were involved.

Furthermore, both the group treated with Inula helenium alone and the group
treated with Inula helenium combined with the NOS inhibitor Nor-NOHA showed a
reduction in arginase activity compared to the cancer group. However, no significant
difference was observed between these two groups, indicating that Inula helenium
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may exert its effect independently of NOS inhibition. Arginase-mediated depletion
of L-arginine likely contributes to T-cell dysfunction and impaired anti-tumor
immunity, facilitating tumor survival and growth. Interestingly, treatment with our
selected interventions led to a significant reduction in arginase activity. This
decrease suggests a reversal of the immunosuppressive and dysregulated
hematopoietic environment typically observed in cancer. Lower arginase activity
may reflect restored L-arginine availability, improved T-cell responsiveness, and
normalized bone marrow function. Overall, these findings highlight the potential of
targeting arginase as part of a therapeutic strategy to modulate the tumor-associated
bone marrow niche and enhance anti-cancer immune responses.

Evaluation of the Nitrite lon Level in the Bone Marrow of the DMBA-
induced Breast Cancer Rat Model. Several studies have demonstrated that NO
levels can be dysregulated in the bone marrow during cancer progression. In
hematological malignancies such as acute myeloid leukemia (AML) and chronic
myeloid leukemia (CML), significantly lower levels of nitrite — the stable end
product of NO — have been detected in both plasma and bone marrow, suggesting
reduced NOS activity and impaired NO production in the bone marrow micro-
environment [16]. This reduction may contribute to immune suppression and altered
hematopoiesis in leukemic conditions.

In contrast, studies investigating solid tumors, including breast cancer, have
reported elevated serum NO levels, particularly in advanced disease stages [17].
However, NO levels tend to decline following chemotherapy, indicating dynamic
regulation of NO during cancer treatment. While direct evidence of decreased NO
specifically in the bone marrow in breast cancer models is limited, the increased
arginase activity observed in tumor-associated myeloid-derived suppressor cells
(MDSCs) supports a mechanism of reduced NO synthesis due to substrate
competition for L-arginine [18]. This arginase-driven pathway may lead to NO
downregulation in the bone marrow microenvironment during breast cancer
progression.
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Fig. 2 illustrates a significant reduction in nitrite ion levels in the bone marrow
of the DMBA-induced cancer group that did not receive any treatment, indicating
suppressed NO production in the tumor environment. In contrast, all treatment
groups demonstrated varying degrees of nitrite ion restoration. The most notable
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increase was observed in the DMBA+IH+NN group. This group received nor-
NOHA, a known arginase inhibitor, which likely diverted the available L-arginine
substrate toward nitric oxide synthase, resulting in elevated NO production and
consequently higher nitrite ion levels.

Interestingly, in the group treated with Inula helenium alone, without the
arginase inhibitor, nitrite ion levels were even lower than those in the untreated
cancer group. This suggests that Inula helenium, in the absence of arginase
inhibition, may not enhance NO production and could potentially downregulate NOS
activity or arginine availability.

In the 5-FU-treated group, nitrite ion levels were moderately elevated,
suggesting partial restoration of NO synthesis, possibly due to reduced tumor burden
or immune modulation. However, the 5-FU+Rumex obtusifolius combination group
exhibited persistently low nitrite ion levels, comparable to or even lower than the
untreated DMBA group. This unexpected result may point to a potential interaction
between 5-FU and Rumex obtusifolius that interferes with NOS activity or L-arginine
metabolism.

Evaluation of the MDA Level in the Bone Marrow of the DMBA-induced
Breast Cancer Rat Model. Increased MDA levels, a marker of lipid peroxidation
and oxidative stress, have been observed in various malignancies, including
hematologic cancers and bone tumors. Elevated serum MDA has been reported in
patients with acute and chronic myeloid leukemia, reflecting enhanced oxidative
damage in the bone marrow microenvironment [19].
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As shown in Fig. 3, MDA levels, an indicator of lipid peroxidation and
oxidative stress, were significantly elevated in the DMBA-induced cancer group
compared to healthy controls. Treatment with most experimental agents led to a
reduction in MDA levels, indicating attenuation of lipid peroxidation. The most
pronounced reduction was observed in the group treated solely with Inula helenium
extract, suggesting the strong antioxidant potential of this phytocompound. A
similarly significant decrease was seen in the group treated with Inula helenium in
combination with nor-NOHA, an arginase inhibitor. The reduction in MDA in this
group may be attributed to the inhibition of arginase, which increases L-arginine
availability for NOS. This promotes NO production, which is known to exert
vasoprotective and antioxidant effects, thereby reducing oxidative damage [18, 20].
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Interestingly, in the group treated with A. smirnovii extract was combined with
L-NAME, a NOS inhibitor, MDA levels remained high, comparable to the untreated
cancer group. L-NAME likely reduced NO production by inhibiting NOS,
potentially leading to NOS uncoupling, superoxide production, and subsequent
enhancement of oxidative stress and lipid peroxidation. While A. smirnovii extract
alone did not induce a similar increase in MDA levels, the combined effect with
L-NAME suggests that arginine diversion to arginase activity (due to NOS
inhibition) and possible interactions with the phytocompound may exacerbate
oxidative processes.

Conclusion. This study highlights the pivotal role of arginine metabolism and
oxidative stress in the bone marrow microenvironment during DMBA-induced
breast cancer progression. Elevated arginase activity and lipid peroxidation (MDA)
were associated with decreased NO bioavailability in untreated cancer-bearing rats,
contributing to a pro-oxidant state. Treatment with Inula helenium herbal extract,
particularly when combined with the arginase inhibitor nor-NOHA, effectively
reduced oxidative damage and restored NO levels, underscoring the therapeutic
potential of targeting arginase-NOS balance. In contrast, NOS inhibition via L-
NAME in combination with A. smirnovii extract exacerbated lipid peroxidation,
revealing the delicate equilibrium between NO synthesis and oxidative stress.
Additionally, while 5-FU, as a classical chemotherapy agent, demonstrated
antitumor activity, it also induced adverse effects in the bone marrow, as evidenced
by oxidative stress markers. Importantly, combining 5-FU with Rumex obtusifolius
herbal extract mitigated these detrimental effects, suggesting improved therapeutic
efficacy and bone marrow protection. These data support further exploration of
phytotherapeutic agents alongside conventional chemotherapies to modulate the
bone marrow microenvironment, potentially limiting tumor progression and
improving treatment outcomes in breast cancer.
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uraepuvdobh dusShdNre8uv, U2NSh OLUKIL G4 UGU-h
LUvdulYULv eNeNuNkE3UL ALUKUSNIUL YU LU-hLHIFSIUO
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Wu wphuwmwbipnid nruntdwuhpynid £ pniuwjubn nudowdqyudpttinh
pnidujub  Ghpnidp”  dhnpdbne wnbbnbbiph dnn DMBA-ny  hupuiijwd
Undpwgtindh pungltinh pniddiwi pipugpnid nujpudnidh Yhwuniip: Anidnid
sunwgwd ninnigp Ypnn wnbbtnmbtph dnn qpubgdly £ wpghtugh pupén
wljnhynipinih b ywnbnhwntihhnh (MDA) pupan dwljupnul]” wgnunh opuhnh
(NO) gwop Jhhuwwdwwmsbjhnipjud wwydwbitpnid: Pnidniip  pniuwuib
nowdquidoph L wipghtwgh  wipgbpuyhs nor-NOHA-h  huidwljgni pjunip
qquihnptitl ifuqtignty £ MDA-h dwijupnuyp b ybpuubiqiity NO-h dwjup-
nulp, gniguptiping hwlwopuhnuittnuyhtt L yuwyumuubhy wgntigninia
nuljpudnidh Yypu: Lanhwjunulp, NOS wpgbjuysh (L-NAME) L pniuwmjuib
nuowdquidoph  hwdwjgnidp npulinptiy £ opuhnubnughtt wgntignignib:
Upynibpbtinp hwuwmwnnid G, np $hunnpbpuylinhly dhengutipp Juipnn Gb
oqumuanpoyly nputiu  odwlinuy dhongitp wjwinuiub pwngytinuyht
pniddwl htin®™ nuljpuonioh wipnnewljwbini pyniin Wuwhwywbbtne hudwp:

C. M. OTAHHUCSH, A.C. AKOBSH, A. H. AKOBSIH,
A. A. MKPTYSH, A.T.UKABPYIISH

U3MEHEHUSI AKTUBHOCTU APTMHA3BI, VPOBHE OKCHJIA A30TA
U MJIA B KOCTHOM MOSTE KPBIC TP JIMBA-UHIYLIMPOBAHHOM
PAKE MOJIOYHOM YKEJIE3bI

B nanHOM wmccieoBaHMM HM3YydYajiCsl TepaleBTUUECKHH MOTEHLUUA PacTH-
TEJNIBHBIX JKCTPAKTOB JJIsI CMSTYEHUS MOBPEXKICHHS KOCTHOTO MO3Ta BO BpEMsI
neueanss DMBA-uHIyIMpoBaHHOTO paKa MOJIOYHOH JKeJIe3bl Y KPBIC. Y KHBOTHBIX,
HE TOJIyYaBIIMX JICUYCHHE, HAOMIOAANNCh MOBBIIICHHbIE aKTUBHOCTh aprUHAa3bl U
ypoBeHb ManmoHmuampAeruga (M/A) Hapsay cO CHMKEHHOW OWOMOCTYITHOCTBIO
OoKcuma a3oTa. JleyeHWe 3KCTPAKTOM B COYETAaHWM C WHTUOMTOPOM aprhHa3bl
nor-NOHA 3nauntensHO cHU3WIO MJIA M BOCCTAaHOBHIIO YPOBHHM OKCHAA a30Ta,
JIEMOHCTPUPYS AHTHOKCHJIAHTHOE U 3alUTHOE I€UCTBHE HAa KOCTHBIM Mo3r. Hampo-
tuB, komOuHarmsi wHruoutopa NOS (L-NAME) ¢ pacTuTelbHBIM 3KCTPAKTOM
yCyryosiia OKUCIUTeNbHOE TToBpexaeHue. [lonyueHHble 1aHHbIe MOATBEPKAAIOT
UCIIOJIb30BaHKE CreqU(PHUECKUX (UTOTEPAeBTUUECKUX IKCTPAKTOB B KaueCTBE
BCIIOMOTATEJIbHBIX CPEJICTB K TPAJAUIMOHHONH Teparnuu paka sl COXpaHEHHs
[EJOCTHOCTH KOCTHOT'O MO3Ta.



