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Abstract. Polyphenol oxidase (PPO) is an enzyme with inhibiting
biohydrogenation of lipid properties and found ubiquitously in many plant leaves.
The extraction of PPO may require anti-oxidant substances for optimal
concentration relevant to industrial application and nutritional enhancements for
ruminal-lipid manipulation. This study investigated the enhancing effects of
antioxidant addition, that is, vitamin C, vitamin E, and curcumin during PPO
extraction of two grasses (Pennisetum purpureum and dwarf type-Pennisetum
purpureum) and two legume leaves (Leucaena leuococephala and Glicidia
sepium) on the PPO activity, yield, and stability. Using a combination of response
surface methodology and factorial design, optimal extraction conditions-such as
pH, temperature, and solvent type-were determined. The results showed that no
single antioxidant under study exhibits enhancement of all intended properties.
The addition of vitamin C significantly enhanced PPO activity, while vitamin E
and curcumin contributed to improved enzyme stability. In conclusion the
findings indicated that optimizing the extraction process of PPO requires the
presence of additional multiple antioxidants to enhance enzyme yield and its
functional from these plant sources.
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1 Introduction

The production of ruminant-derived food products with improved fatty acid profiles is
essential for meeting health standards and mitigating the risks associated with exces-
sive saturated fatty acid (SFA) consumption, such as cardiovascular diseases [1]. Ru-
minant products, including beef and milk, are often rich in SFA due to the biohydro-
genation process in the rumen, where polyunsaturated fatty acids (PUFA) are con-
verted into SFA by rumen microorganisms [2]. This transformation diminishes the
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nutritional value of ruminant-derived foods and contributes to health concerns, neces-
sitating strategies to manipulate the biohydrogenation process and preserve PUFA in
the rumen.

One promising approach involves the use of bioactive compounds to inhibit biohy-
drogenation [3-5]. Among these, polyphenol oxidase (PPO)—an enzyme abundant in
green forages and legumes—has emerged as a potential candidate. PPO can protect
PUFA by forming phenol-protein complexes that shield unsaturated fatty acids from
microbial hydrogenation [6,7]. This mechanism offers a natural and sustainable meth-
od to enhance the nutritional quality of ruminant products while utilizing available
forage resources. Indonesian forages, such as elephant grass (Pennisetum purpureum),
dwarf elephant grass (Pennisetum purpureum cv. Mott), calliandra (Calliandra calo-
thyrsus), and leucaena (Leucaena leucocephala), are particularly rich in PPO and phe-
nolic compounds, making them promising candidates for this strategy.

Recent studies have explored the use of activators, such as vitamin C, vitamin E,
and curcumin, to enhance PPO activity and stability. These activators have shown
potential to modulate PPO functionality, but their effects vary depending on factors
like source, concentration, and interaction with the enzyme [8-10]. For instance, vita-
min C has consistently demonstrated significant activation of PPO enzymes, while
curcumin exhibits dual effects, acting as an inhibitor or activator depending on its
concentration. This variability underscores the need for optimization to maximize
PPO's efficacy in protecting PUFA during rumen biohydrogenation. Additionally,
optimizing the extraction process for PPO from forage materials is critical for ensur-
ing its effectiveness in practical applications, such as feed supplementation or forage
preservation.

By optimizing PPO extraction and exploring the effects of activators like vitamin
C, vitamin E, and curcumin, this study aims to advance strategies for improving the
fatty acid profile of ruminant products. Enhancing PPO functionality not only con-
tributes to the production of healthier ruminant-derived foods but also supports sus-
tainable livestock management practices by leveraging locally available forages. This
research has the potential to bridge the gap between enzyme functionality and practi-
cal applications, paving the way for innovative solutions to improve human health
through dietary interventions.

2 Materials and Methods

The materials used in this study were greens consisting of two grasses (Pennisetum
purpureum and dwarf type-Pennisetum purpureum) and two legume leaves (Leucaena
leuococephala and Glicidia sepium). PPO sources such as grass and legumes were
obtained from Junrejo District, Batu City. Aqueous Two-Phase System (ATPS) anal-
ysis for the PPO enzyme extraction and purification process and enzyme activity
measurement were carried out at the Laboratory of Animal Nutrition, Faculty of Ani-
mal Science, Universitas Brawijaya. Enzyme activity was tested at the Extraction of
the PPO enzyme from local forages, which requires PBS solution for preservation.
Another material needed was ammonium sulfate ((NH4)2SO4). Purification of the
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PPO enzyme requires PEG-8000, PBS solution, and distilled water. The steps used in
the first stage are extraction and purification. Local greens that are homogenized with
liquid nitrogen are carried out by pounding using a mortar and pestle and then soaked
in PBS solution. Extraction and purification aim to obtain PPO enzyme in pure form.

The extraction method used centrifugal force and the addition of ammonium sul-
fate as a material to help enzyme precipitation. This study used purification using the
ATPS method or two-phase water extraction. The method was modified according to
[11]. This study's modification was adding PEG-8000 to purify PPO, which can show
pure PPO results with the best treatment. After purification, the PPO enzyme was
added with catechol and ascorbic acid substrates and then incubated at 400C. The
research method used was a basic factorial experiment arranged with a factorial com-
pletely randomized design consisting of two treatment factors: the PPO enzyme
source from the type of forage and the amount of activator added. The first factor is
the source of PPO enzyme of the kind of forages, consisting of Dwarf elephant grass
(DEG), Elephant grass (EG), Calliandra (Cal), Leucaena (Leuc). The second factor is
the type of activator addition, which includes control, Vitamin E, Vitamin C, and
curcumin

3 Results and Discussion

The results of this research are PPO enzyme activity from the extraction of Dwarf
elephant grass (DEQG), Elephant grass (EG), Calliandra (Cal), Leucaena (Leuc) with
the addition of vitamin E, vitamin C and Curcumin activators. Table 1 shows that
Leucaena leaves have the highest PPO activity (2.681 U/ml), followed by Calliandra
(2.421 U/ml), Elephant grass (2.371 U/ml), and Dwarf elephant grass (2.321 U/ml).
Certain legumes, particularly those in the genus Leucaena, are known to have natural-
ly higher concentrations of phenolic compounds and the enzymes involved in their
oxidation pathway [12,13]. PPO often serves as a defence mechanism against her-
bivory and disease [14-16]. Legume forages with higher PPO levels may have
evolved to deter pests or diseases by oxidizing phenolic substrates to quinones, which
can inhibit microbial growth [17-19]..

Table 1. Enzyme activity of PPO extracted from different forages.

Forages Enzyme Activity (U/ml)
DEG 2.321%£1.257
EG 2.371%+1.214
Cal 2.4211.313
Leuc 2.68141.736

* Note: DEG: Dwarf elephant grass; EG: Elephant grass; Cal: Calliandra; Leuc: Leucaena.

The study focused on three additives consisting Vitamin E, Vitamin C, and Cur-
cumin and a control (no activator). The activators were chosen for their known anti-
oxidant or biochemical properties, which can modulate enzyme activity in various
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biological processes. Curcumin (4.351 U/ml) showed the highest enhancement of
PPO activity, Vitamin C (2.996 U/ml) provided moderate enhancement and Vitamin
E (1.255 U/ml) conferred minimal impact on PPO activity. Curcumin’s superior per-
formance in promoting PPO activity suggests it plays a more robust role in stabilizing
or enhancing enzyme function compared to the other two vitamins. Curcumin, the
main bioactive compound in turmeric (Curcuma longa), exhibits strong antioxidant
properties [20,21]. These properties can protect the enzyme’s active site from oxida-
tive damage, thereby sustaining or even increasing PPO’s catalytic efficiency. Cur-
cumin’s chemical structure allows it to bind with proteins and possibly form com-
plexes that maintain enzyme stability, enhancing PPO’s overall activity [22,23].

Table 2. Enzyme activity of PPO from different activators.

Activators Enzyme Activity (U/ml)
Control 1.1932+0.021
VitE 1.255%+0.049
Vit C 2.996°+0.129
Curc 4.3519+0.562

Note: Control: no activator; Vit E: Vitamin E addition; Vit C: Vitamin C addition; Curc: Cur-
cumin addition.

Table 3 presents data on PPO enzyme activity, an interaction between the type of
green fodder and the activator. Combined, Leucaena and Curcumin reached the high-
est recorded PPO activity (5.264 U/ml). This notable synergy likely arises from Leu-
caena's high innate PPO levels, further amplified by Curcumin's enzyme-stabilizing
effects. Leucaena consistently exhibits higher PPO activity among the studied forag-
es. Curcumin outperforms Vitamin C and Vitamin E in enhancing PPO. The Leucae-
na—Curcumin pairing offers optimal PPO activity, suggesting it could be integral to
developing high-efficiency ruminant diets. Leucaena's baseline PPO content and Cur-
cumin's ability to promote enzyme activity can facilitate more extensive protein—
phenolic complex formation.

The findings from this study highlight the significant impact of forage type and
the addition of activators (Vitamin C, Vitamin E, and Curcumin) on PPO activity.
Among the forages, Leucaena leaves consistently exhibited the highest PPO activity,
a result attributable to their rich phenolic content and high natural PPO levels. This
aligns with previous studies suggesting legumes, particularly Leucaena, are inherently
better sources of phenolic compounds and PPO due to their evolved defense mecha-
nisms against herbivory and pathogens. Curcumin, as an activator, demonstrated su-
perior performance compared to Vitamin C and Vitamin E in enhancing PPO activity.
Its antioxidant properties and ability to form stable protein-enzyme complexes likely
contributed to this outcome. This synergy between Leucaena and Curcumin offers
practical implications for optimizing forage-based diets for ruminants. The combina-
tion could serve as a strategic approach to protect PUFA from biohydrogenation in the
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rumen, potentially improving the fatty acid profile of ruminant-derived products like
milk and meat.

Table 3. Enzyme activity of PPO extracted from different forages added by different activators.

Activators Forages Enzyme Activity (U/ml)
Control EG 1.178*+0.006
Leuc 1.2552+0.008
DEG 2.996%+0.024
Cal 1.215%0+0.026
VitE DEG 1.232+£0.090
Cal 1.243%+£0.043
Leuc 1.257°+0.005
EG 1.2889+0.020
Vit C DEG 2.950°+0.199
EG 2.965°+0.208
Leuc 3.019+0.006
Cal 3.0480.003
Cur DEG 3.9088+0.082
EG 4.051"+0.026
Cal 4.1800.065
Leuc 5.2641+0.020

From a practical perspective, integrating Leucaena-Curcumin formulations into
ruminant diets could reduce the reliance on synthetic additives for improving nutri-
tional quality. This approach leverages locally available forage resources, aligning
with sustainable livestock management practices. Furthermore, the ability of Curcu-
min to stabilize PPO under various conditions could extend its application in feed
preservation, reducing nutrient losses during storage. Despite these promising results,
certain limitations warrant further investigation. For instance, while Curcumin en-
hanced PPO activity significantly, its cost and scalability in large-scale applications
remain concerns. Future studies should explore cost-effective methods for Curcumin
production or identify alternative natural compounds with similar efficacy.

Additionally, the long-term effects of these formulations on animal health, produc-
tivity, and the sensory qualities of ruminant-derived products need evaluation. Re-
search could also focus on optimizing the dosage and delivery methods for Curcumin
and other activators to maximize PPO stability and functionality in real-world set-
tings. Exploring the molecular interactions between PPO, Curcumin, and phenolic
compounds at the biochemical level could provide deeper insights into their synergis-
tic effects. This knowledge could guide the development of tailored formulations for
specific forage types and dietary goals.
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Conclusion

This study highlights the significant influence of forage type and activator choice on
PPO enzyme activity. When combined with curcumin, Leucaena leaves offer a highly
effective solution for optimizing forage utilization and enhancing ruminant nutrition.
Future research could explore scaling these findings for improving the fatty acid pro-
file of ruminant-derived products like milk and meat.

Disclosure of Interests. The authors have no competing interests to declare that are relevant to
the content of this article.
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