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A B S T R A C T   

Lipid oxidation is the principal driver of meat and meat product deterioration during shelf life, causing the loss of 
fresh meat color, flavor, and aroma. Currently, synthetic antioxidants are used to prevent oxidation, but 
increasing consumer demand for natural ones leaves the industry with few alternatives. In this study, proto
catechuic acid (PCA), known to have high antioxidant activity, was evaluated as a potential inhibitor of meat 
lipid oxidation. For this purpose, the antioxidant capacity and lipoxygenase (LOX) inhibitory activity of PCA 
were evaluated in vitro, and a set of four experiments was conducted, treating minced meat with water (control), 
lactic acid (LA), rosmarinic acid (RA) and PCA, at different concentrations (1–12 mg mL− 1), depending on the 
experiment. The potential antioxidant effect of PCA when applied to meat cubes was also evaluated, as well as 
the potential of carboxymethyl cellulose (CMC) as a delivery system for PCA. The in vitro results showed that PCA 
is a potent antioxidant and an effective LOX inhibitor at 1 mg mL− 1. PCA effect on meat lipid oxidation pre
vention was dose-dependent, and at 2 mg mL− 1, it inhibited color change by 50% and lipid peroxidation by up to 
70% when compared to water-treated samples, performing better than RA at 0.25 mg mL− 1. These results suggest 
that PCA is a promising molecule to the meat industry as a natural preservative for meat and meat products 
directly or in a formulation.   

1. Introduction 

Meat lipids content and composition impact the flavor and influence 
the tenderness and juiciness, determining meat quality and nutritional 
value. However, lipids are susceptible to degradation, and oxidation is 
the main non-microbial driver of meat and meat product deterioration 
during shelf life (Amaral, Da Solva, & Lannes, 2018). It is responsible for 
several undesirable reactions leading to the loss of color, flavor, and 
aroma. Lipids oxidize by i) autoxidation, ii) lipoxygenase action (LOX), 
or iii) photo-oxidation. In meat, the most impacting process is autoxi
dation, involving a continuous free-radical chain reaction (Domínguez 
et al., 2019). Lipid oxidation is triggered when atmospheric molecular 
oxygen reacts with fatty acids, mainly unsaturated fatty acids endowed 
with electron-deficient double bonds. During this primary oxidation, 
lipids form hydroperoxides. These molecules, although not causing a 
direct sensorial change to the product, are much more unstable, and can 
be further oxidized or react with other molecules. This results in sec
ondary oxidation with the formation of several breakdown products, 
including hydrocarbons, aldehydes, ketones, alcohols, esters, and acids 
(Amaral et al., 2018). These compounds are the primary cause of off- 

odors and off-flavors, rancidity, and meat color change, being associ
ated with meat quality decay, with aldehydes such as malondialdehyde 
(MDA) being considered the main contributors to aroma volatile flavors 
in meat (Al-Hijazeen & Al-Rawashdeh, 2019; Papuc, Goran, Predescu, & 
Nicorescu, 2017). Currently, the meat industry prevents lipid oxidation 
through the application of synthetic antioxidants such as propyl gallate 
or butylated hydroxytoluene (BHT) (Beya, Netzel, Sultanbawa, Smyth, 
& Hoffman, 2021; Oswell, Thippareddi, & Pegg, 2018). However, the 
increasing consumer demand for natural antioxidants due to concerns 
related to the safety of synthetic counterparts leaves the industry with 
few alternatives. 

Many studies reported the beneficial effects of polyphenol-rich nat
ural extracts in meat and meat product preservation (Beya et al., 2021; 
Kalogianni, Lazou, Bossis, & Gelasakis, 2020) due to their ability to 
inhibit oxidative processes in meat by scavenging reactive species, and 
inhibiting LOX activity or reducing metmyoglobin (Papuc, Goran, Pre
descu, Nicorescu and Stefan, 2017). The groups of naturally occurring 
phenolic compounds with potential applications in the food industry 
based on their antioxidant potential are (i) the phenolic acids, including 
hydroxybenzoic (e.g., gallic and protocatechuic acids), and 
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hydroxycinnamic acids (e.g., p-coumaric, caffeic, and ferulic acids); and 
ii) flavonoids, (e.g., quercetin, kaempferol, luteolin, catechin, epi
catechin), iii) phenolic diterpenes (carnosic acid and carnosol), iv) iso
flavones (e.g., genistein, daidzen) and v) volatile oils (e.g., thymol, 
eugenol) (Beya et al., 2021; Kakkar & Bais, 2014; Singla et al., 2019). 
For instance, rosemary extract obtained from plant leaves has been 
shown to possess high antioxidant activity due to the high contents of 
phenolic diterpenes (carnosic acid, carnosol, and rosmanol) and 
phenolic acids such as rosmarinic acid (RA) (Al-Hijazeen & Al- 
Rawashdeh, 2019; Bianchin et al., 2017; Birtić, Dussort, Pierre, Bily, 
& Roller, 2015; Lešnik, Furlan, & Bren, 2021; Loussouarn et al., 2017; 
McBride, Hogan, & Kerry, 2007). Rosemary extract was regulated in the 
EU for application to meat products and permitted at a maximum con
centration of 150 mg rosemary extract kg− 1 of product (for meat with 
>10% fat) or 15 mg rosemary extract kg− 1 of product (for meat with 
<10% fat) were established (European Commission, 2011, 2013a). Be
sides rosemary extract, other plant extracts, such as those from green 
tea, highly rich in flavan-3-ols such as catechins (Senanayake, 2013), or 
oregano leaves highly rich in RA (Khorsand et al., 2022), have been 
shown to reduce meat lipid oxidation during storage (Awad et al., 2021). 

In this work, the potential of protocatechuic acid (PCA), chemically 
known as 3,4-dihydroxybenzoic acid was evaluated as an inhibitor of 
meat lipid oxidation. PCA is a phenolic acid naturally occurring in 
various fruits, vegetables, and traditional Chinese herbal medicines 
which has been shown to possess high antioxidant activity and anti- 
inflammatory, antibacterial, and antiviral activities (Kakkar & Bais, 
2014; Liu et al., 2020; Mahfuz, Mun, Dilawar, Ampode, & Yang, 2022; 
Song et al., 2020; Zhang et al., 2021). As a phenolic acid, it has a high 
H+-donating activity, trapping free radicals, and being an effective 
scavenger of H2O2 and superoxide radicals (Velasco & Williams, 2011). 
In vitro assays showed that PCA antioxidant activity was dose-dependent 
and that, at the adequate dose, it acts as i) a Fe3+ and Cu2+ reducing 
agent, ii) a scavenger of superoxide anion and hydroxyl radicals, and iii) 
a Fe2+ and Cu2+ chelating agent (Andjelković et al., 2006; Li, Wang, 
Chen, & Chen, 2011; Zhang et al., 2021). PCA contains two potential 
metal-binding sites, catechol, and carboxylic acid showing a high af
finity for metal (Krishna & Muraleedharan, 2023). PCA has been also 
shown to be an effective antioxidant with 10 times the potency of 
α-tocopherol (Farombi et al., 2016; Song et al., 2020), playing an anti
oxidant role in vitro and in vivo by decreasing the levels of inflammatory 
markers, such as reactive oxygen species and MDA, upregulating ac
tivities of endogenous antioxidant enzymes, such as catalase and su
peroxide dismutase, regulating signaling pathways and decreasing 
oxidative damage (Song et al., 2020). 

Despite the considerable promise of PCA as a natural antioxidant, 
supported by numerous studies demonstrating its robust antioxidant 
activity both in vitro and in vivo (Kakkar & Bais, 2014; Li et al., 2011; 
Song et al., 2020), there is a gap in research addressing its potential as a 
food preservative. While there is a wealth of literature investigating the 
impact of various antioxidant plant extracts on the preservation of meat 
and meat products (Awad et al., 2021; Beya et al., 2021; Kalogianni 
et al., 2020), the attention given to PCA in this context remains limited. 
Only a few studies have delved into the exploration of PCA's efficacy as a 
preservative in a food system (Stojković et al., 2013; Hernández-García, 
Vargas, & Chiralt, 2022; Yin & Chao, 2008; Zhong et al., 2021). It is 
noteworthy that the majority of existing research has predominantly 
focused on PCA's antibacterial properties (Chao & Yin, 2009; Stojković 
et al., 2013; Wu et al., 2022; Yin & Chao, 2008), rather than its potential 
to inhibit lipid oxidation and maintain the quality during shelf life. 
Consequently, there is a gap in the literature, requiring further investi
gation into PCA's role as a meat preservative with a focus on antioxidant 
aspects. 

In the work presented herein, there is a sequence of experiments 
conducted to assess the PCA potential to inhibit meat lipid oxidation by 

evaluating its effect in minced meat, meat pieces, and during storage at 
room and cold temperatures. The effect of PCA combined with carbox
ymethyl cellulose (CMC) on meat quality preservation during storage 
was also evaluated. CMC is a water-soluble cellulose derivative widely 
used in the food and pharmaceutical industries (Riseh, Vazvani, Has
sanisaadi, & Skorik, 2023). This biopolymer is generally recognized as safe 
(GRAS) and used to produce functional edible films incorporated with 
several additives such as nanoparticles, plant extracts, or essential oils, 
to increase the shelf life of packaged foods (Ezati & Rhim, 2021; 
Koushesh, Banin, Koushesh Saba, & Sogvar, 2016; Muppalla, Kanatt, 
Chawla, & Sharma, 2014; Priyadarshi, Kim, & Rhim, 2021; Riseh et al., 
2023). 

2. Materials and methods 

2.1. In vitro evaluation of PCA antioxidant potential 

2.1.1. PCA antioxidant capacity 
The antioxidant capacity was determined using the Oxygen Radical 

Absorbance Capacity (ORAC) assay (Contreras, Hernández-Ledesma, 
Amigo, Martín-Álvarez, & Recio, 2011). The reaction was carried out in 
75 mM sodium phosphate buffer (pH 7.4), and the final reaction volume 
was 200 μL. Fluorescein (120 μL and 116.66 nM), and the PCA or the 
standards (20 μL) were placed in the wells of a 96-well flat-bottom black 
microplate. A stock solution of 1 mg mL− 1 of PCA was prepared by 
dissolving the molecule in phosphate-buffered saline (PBS) buffer (75 
mM, pH 7.4). Serial dilutions were performed to attain optimum dilu
tion. Standards solutions were prepared using a trolox solution at 
different sequential concentrations (10, 20, 30, 40, 50, 60, 70 and 80 
μM). The mixtures were preincubated for 10 min at 37 ◦C before rapidly 
adding the 2,2′–Azobis (2-methylpropionamidine) dihydrochloride 
(AAPH) solution. The microplate was immediately placed in the reader 
(Synergy H11 multidetection microplate reader, Bio-Tek Instruments, 
Inc.) and shaken before each reading. Fluorescence values were recor
ded. The inhibition capacity was expressed as Trolox equivalents (mol 
TE kg− 1). All reaction mixtures were prepared in triplicate, and at least 
three independent assays were performed for each sample. 

2.1.2. LOX inhibitory capacity of PCA 
For the measurement of the PCA inhibitory effect on lipoxygenase 

the Lipoxygenase Inhibitor Screening Assay kit, Cayman Chemical 
(760700) was used. The kit detects and measures the hydroperoxides 
produced in the lipoxygenation reaction using a purified LOX (15-LO 
extracted from soybean). The analysis was conducted following the in
structions of the kit. To evaluate the effect of PCA on the LOX activity, 
PCA solutions were prepared at different concentrations. Although PCA 
is soluble in water up to 12 mg mL− 1, highly concentrated solutions were 
required for the assay, considering the subsequent dilutions imposed by 
the method. Thus, to test the lower PCA concentrations (0.05, 0.15, and 
0.3 mg mL− 1) PCA was dissolved in the assay buffer provided by the kit, 
but to test the higher concentrations (0.5 and 1 mg mL− 1), it was dis
solved in DMSO. After subtracting the average absorbance of the blank 
from the absorbance of the inhibitor, the percentage of LOX inhibition 
was calculated using the following equation: 

%inhibition =

[
Initial activity − Inhibitor

Initial activity

]

× 100 (1)  

where the ‘Initial activity’ corresponds to LOX activity in the presence of 
linoleic acid as substrate and without the addition of inhibitor, and the 
‘Inhibitor’ corresponds to LOX activity in the presence of the inhibitor at 
a given concentration. For modeling, the absorbance of the blank was 
subtracted from the absorbance of the inhibitor, and the calculated 
values were used to fit the inhibitory response model. 
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2.2. Evaluation of PCA preservative effects in meat 

2.2.1. Meat samples 
For each trial conducted on different dates, minced meat samples 

were purchased fresh from a local supermarket. For all the trials the 
minced meat was purchased on the same weekday, considering the 
arrival of fresh meat pieces to the supermarket. In the market, the fresh 
beef meat was under refrigeration (0–2 ◦C) and normal atmosphere and 
was freshly minced locally. After mincing the meat was transported to 
the laboratory and immediately subjected to treatments. 

The cubes of veal meat were also purchased in a local supermarket, 
where they were packaged in a normal atmosphere and stored under 
refrigeration conditions (between 0 and 2 ◦C). The meat was then 
transported to the laboratory and immediately treated. 

2.2.2. Experiment 1 – Exploiting the PCA potential as a meat preservative 
compared with rosmarinic acid and lactic acid 

To evaluate the potential of PCA as an inhibitor of meat oxidation, 
one trial (trial 1) was conducted. In this trial minced meat samples (three 
portions of about 30 g of meat, corresponding to approximately 100 g of 
meat) were placed in a perforated funnel and treated by spraying with 
40 mL of the treatment solution including i) water (control), ii) RA at 
0.25 mg mL− 1 (100 mg kg− 1 meat) and iii) lactic acid (LA) at 20 mg 
mL− 1 (8000 mg kg− 1 meat) and iii) PCA at 12 mg mL− 1 (4800 mg kg− 1 

meat). RA is currently used as a natural meat preservative mainly due to 
its antioxidant activity (Al-Hijazeen & Al-Rawashdeh, 2019; Sánchez- 
Escalante et al., 2011; Velasco & Williams, 2011) whereas LA is also 
widely used in the industry at concentrations between 2% and 5% 
(European Commission, 2013), due to its antimicrobial activity (Car
penter, Smith, & Broadbent, 2011; Han et al., 2021; Heir et al., 2022; 
Manzoor et al., 2020; Rodríguez-Melcón, Alonso-Calleja, & Capita, 
2017). After treatment, the samples were kept in the funnel for 1 min to 
drain the excess solution and then placed in polyethylene-terephthalate 
(PET) food-grade clamshell containers with each box containing about 
30 g of treated minced meat (3 replicates per treatment) and stored at 
room temperature (20–23 ◦C and relative air humidity between 50 and 
60%) under dim light for two days to accelerate the oxidation process. At 
the beginning and the end of the trial, meat color, lipid hydroperoxide 
concentrations, and lipid peroxidation were measured. 

2.2.3. Experiment 2 – Determining the minimum PCA concentration to 
inhibit lipid oxidation 

To develop the curve of lipid peroxidation inhibition as a function of 
PCA concentration, two trials were conducted. In the first trial (trial 
2.1), minced meat samples (≈100 g) were treated with 40 mL of i) water, 
ii) RA at 0.25 mg mL− 1 (100 mg kg− 1 meat), and ii) PCA at 3, 6, and 9 
mg L− 1 (1200, 2400 and 3600 mg kg− 1 meat). In the second trial (trial 
2.2) the treatments were: i) water, ii) RA at 0.25 mg mL− 1 (100 mg kg− 1 

meat), and iii) PCA at 0.5, 1, and 2 mg mL− 1 (200, 400, and 800 mg kg− 1 

meat). In both trials, the samples were allowed to drain for 1 min before 
being placed in the clamshell boxes (≈ 30 g per box) and stored at room 
temperature under dim light for 2 days. At the beginning and the end of 
the trials, color and lipid peroxidation were determined. 

To confirm the PCA minimum inhibitory concentration, an addi
tional trial was conducted (trial 2.3). In this trial, samples of minced 
meat (≈ 100 g) were treated with 40 mL of i) water, ii) RA at 0.25 mg 
mL− 1 (100 mg kg− 1 meat), and iii) PCA at 1 mg mL− 1 (400 mg kg− 1 

meat) and 2 mg mL− 1 (800 mg kg− 1 meat). The application and storage 
procedure were the same as conducted in the previous experiments. At 
the beginning and the end of the experiments, color and lipid peroxi
dation were determined. 

2.2.4. Experiment 3 – Effect of storage temperature on PCA effectiveness to 
inhibit meat lipid oxidation 

In this experiment (trial 3), about 200 g of minced meat samples 
were treated by spraying with 80 mL of i) water, ii) RA at 0.25 mg mL− 1 

(100 mg kg− 1 meat), and iii) PCA at 2 mg mL− 1 (800 mg kg− 1 meat). 
After the treatments, 30 g of each sample was placed in 12 clamshell 
boxes, with six boxes being stored for two days at room temperature 
under dim light and the other six boxes under cold storage (4 ◦C) for 
seven days. The samples stored at room temperature were evaluated for 
color, the concentration of lipid hydroperoxides, and lipid peroxidation 
after 0, 1, and 2 days of storage, whereas the ones stored under cold 
conditions (4 ◦C) were evaluated for the same parameters but after 0, 2 
and 7 days of storage. 

2.2.5. Experiment 4– Exploring the potential of carboxymethyl cellulose 
(CMC) as a potential PCA delivery system 

In this fourth experiment (trial 4), samples of nine meat cubes with 
5–10 g were treated by immersion for 1 min in the following solutions: i) 
water, ii) 10 mg mL− 1 CMC, iii) PCA at 2 mg mL− 1, and iv) solution 
containing 2 mg mL− 1 PCA and 10 mg mL− 1 CMC. After each treatment, 
the meat cube samples were placed in a perforated funnel and allowed to 
drain for 1 min before being placed in three clamshell boxes (3 meat 
cubes per box) and stored at room temperature for two days. At the 
beginning of the experiment and after the two days of storage, the 
samples were evaluated for color and then stored at − 80 ◦C for lipid 
peroxidation determination. 

2.3. Color measurements 

The color of the sample surface was measured in the CIE L* a* b* 
color space with a Konica-Minolta CR-410 chroma Meter (Osaka, Japan) 
equipped with a D65 illuminant and the 2◦ observer for color interpre
tation aperture size of 50 mm. The three-dimensional color space is built 
up from three axes perpendicular to one another (L*, a*, b*). L* values 
represent lightness and range from 0 (black) to 100 (white). The chro
matic colors are described by two axes in the horizontal plane, a* and b*. 
The a* value indicates redness [green (negative values)-red (positive 
values)], and b*, yellowness [blue (negative values)-yellow (positive 
values)]. 

The hue angle (h◦) indicates the tone, and it was calculated with the 
formula atan (b*/a*), with 0◦ corresponding to red color and 60◦ to 
yellow. 

The total color difference (ΔE*) between the treated samples and 
fresh samples was calculated using the following equation: 

ΔE* =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ΔL*2 + Δa*2 + Δb*2

√
(2)  

where ΔL* is the lightness difference, Δa* is the redness difference, and 
Δb* is the yellowness difference. 

To evaluate the color stability of meat along the storage time, the 
values of a* together with L*, h◦, and ΔE* were the selected color pa
rameters reported. 

2.4. Meat hydroperoxides 

Hydroperoxides were determined using the PeroxiDetect kit from 
Sigma Aldrich and following the manufacturer's instructions to quantify 
lipid hydroperoxides. Before hydroperoxide determination, lipids were 
extracted using the method of Bligh and Dyer (1959), as modified by 
Breil, Abert Vian, Zemb, Kunz, and Chemat (2017), with slight modifi
cations. In brief, to 2.5 g of fresh minced meat samples, 3 mL of ethyl 
acetate: ethanol (2:1) were added. The mixture was thoroughly ho
mogenized for 1 min in the vortex, and then 2.25 mL of ethyl acetate, 
500 μL of ethanol, and 4.25 mL of distilled water were added. The 
mixture was homogenized in the vortex for 1 min and centrifuged at 
1046g for 1 min, for phase separation. After complete separation and 
clarification, the organic phase (lipid extract) was transferred to another 
tube and used for hydroperoxides analysis. 

T. Deuchande et al.                                                                                                                                                                                                                             



Meat Science 213 (2024) 109519

4

2.5. Lipid peroxidation 

Lipid peroxidation was determined by measuring MDA formation 
using the thiobarbituric acid reactive substances (TBARS) method 
described by Heath and Packer (1968), as modified by (Gheisari, Møller, 
Adamsen, & Skibsted, 2010), slightly adapted. For MDA extraction, 1.5 g 
of minced meat was homogenized with 6 mL 7.5% trichloroacetic acid 
(TCA) solution containing 0.1% propyl gallate and 0.1% ethyl
enediaminetetraacetic acid disodium salt (EDTA) using the vortex. The 
homogenate was centrifuged for 10 min at 4696g, and the supernatant 
was filtered. To aliquots of 750 μL of supernatant, 750 μL of 0.020 M 
TBA solution was added. The mixture was heated at 95 ◦C for 30 min and 
then cooled quickly in an ice bath. Afterward, the absorbance of the 
solution at 532 nm was measured in a microplate reader (Epoch 2, 
Biotek, USA). Measurements were corrected for unspecific turbidity by 
subtracting the absorbance at 600 nm. The concentration of MDA was 
calculated using an extinction coefficient of 155 mM− 1 cm− 1 and 
expressed as mg kg− 1 meat. 

2.6. Statistical analysis 

The LOX inhibiting curve fitted a sigmoidal inhibitor dose-response 
model. 

All the experiments performed with meat samples followed a 
completely randomized experimental design with three replications. In 
experiments 1, 2, and 4, treatment was considered the single fixed effect. 
Significant differences among samples regarding color parameters (L*, 
a*, h◦, and ΔE*), hydroperoxide concentration, and MDA concentration, 
were determined by one-way ANOVA, followed by multiple compari
sons of means using the Tukey test (P < 0.05). For the analysis of the 
results of experiment 3, treatment and storage time effects as well as the 
interaction of both effects were considered the fixed effects. Significant 
differences among samples regarding color parameters (L*, a*, h◦, and 
ΔE*), hydroperoxide concentration, and MDA concentration, among the 
samples of the different treatments during storage were determined by 
two-way ANOVA, followed by multiple comparisons of means using the 
Tukey test (P < 0.05). 

The model of MDA as a function of PCA concentration was fitted 
using a sigmoidal dose response curve. 

All the statistical and modeling analyses were performed on Graph
Pad Prism version 8.0.2 (San Diego, California, USA). 

3. Results and discussion 

3.1. PCA antioxidant capacity 

The antioxidant capacity of PCA from Sigma Aldrich (≥ 97% purity), 
measured by the ORAC method, was 51.83 ± 2.95 mol TE kg− 1. PCA 
antioxidant capacity measured using the same method but with PCA 
dissolved in dimethyl sulfoxide (DMSO) was reported to be 20.76 mol TE 
kg− 1 (Graton et al., 2022). Several extracts known to be rich in PCA have 
been also reported to have high antioxidant capacity. For instance, star 
anise spice, with 32.2 mg PCA 100 g− 1 (Shan, Cai, Sun, & Corke, 2005), 
has been reported to have an antioxidant capacity of 0.113 ± 0.092 mol 
TE kg− 1 using the ORAC method (Bi, Soong, Lim, & Henry, 2015) and 
red chicory, containing about 16.78 mg PCA 100 g− 1 (Rossetto et al., 
2005), showed an antioxidant capacity of 0.035 mol TE kg− 1 (Ninfali, 
Mea, Giorgini, Rocchi, & Bacchiocca, 2005). According to this in vitro 
analysis, PCA is a potent antioxidant, with an antioxidant capacity 
comparable to that of rosemary extract already used as a meat preser
vative. Although the antioxidant capacity of rosemary extracts varies 
depending on several factors, including pre-harvest factors, harvest 
season, or extraction method, these extracts have high antioxidant ca
pacity (Lešnik et al., 2021; Nieto, Ros, & Castillo, 2018). A rosemary 
extract prepared using acetone/perchloric acid has been reported to 
have an antioxidant capacity of 2.90 mol TE kg− 1 (Ninfali et al., 2005), 

whereas another rosemary extracted with hexane followed by acetone/ 
water/acetic acid has been reported to have an antioxidant capacity of 
1.14 ± 0.06 mol TE kg− 1 (Masuda et al., 2015). The high antioxidant 
capacity of rosemary extracts is mainly due to their phenolic diterpene 
content, mostly carnosic acid and carnosol, but other phenolic com
pounds such as RA are also known to confer antioxidant properties to 
these extracts (Lešnik et al., 2021) For instance, Ibarra et al. (2010) have 
shown that a rosemary extract standardized to contain 20% of RA had 
1.5 fold higher antioxidant capacity than a rosemary extract standard
ized to have the same percentage of carnosic acid when measured using 
ORAC method. Considering this finding, for the in vivo studies, RA was 
used for application. 

The high antioxidant capacity of PCA suggests that it may be a po
tential candidate as a meat preservative. However, in vitro assays, such 
as ORAC assay, do not measure bioavailability, in vivo stability, or 
interaction in situ. Therefore, an in vivo study is required to evaluate 
whether the application of PCA to meat products improves meat quality 
retention. 

3.2. LOX inhibition capacity of PCA 

LOXs are a class of non-heme iron enzymes that catalyze the oxida
tion of polyunsaturated fatty acids to generate hydroperoxides, which 
are further decomposed, forming several volatile compounds (Ivanov 
et al., 2010). Albeit the initial meat oxidation may favor meat flavor 
development, the generation of high levels of volatiles may produce 
detrimental effects on meat quality (Huang, Wu, Wang, & Li, 2015). 
Since LOX concentration determines the rate at which lipid oxidation 
develops, it plays a crucial role in meat oxidation, with high concen
tration favoring oxidative processes (Domínguez et al., 2019). 
Regarding PCA's potential to inhibit the activity of lipoxygenase (LOX), 
the results showed that PCA inhibition capacity was dose dependent. 
PCA at 0.3771 ± 0.0699 mg mL− 1 inhibited LOX activity by 50% (IC50 
value, Fig. 1) and at 1 mg mL− 1 by 100% (Table 1, Fig. 1). LOXs 
comprise a family of non-heme iron-containing dioxygenases (Rackova, 
Oblozinsky, Kostalova, Kettmann, & Bezakova, 2007) and PCA may 
chelate metal ions that are essential co-factors for LOX activity. By 
binding to these metals, PCA can hinder the proper functioning of the 
enzyme, thereby reducing its activity (Sadik, Sies, & Schewe, 2003). 
Another possibility is that PCA may interact directly with the active sites 
of lipoxygenase, disrupting the enzyme's catalytic function (Borbule
vych, Jankun, Selman, & Skrzypczak-Jankun, 2004). This interference 
can occur through binding to specific residues, altering the enzyme's 
conformation, or affecting substrate binding. 

The results clearly show that PCA acts as a LOX inhibitor and that its 
effect on LOX inhibition is dose-dependent, hence, for applications 
aimed at preventing lipid oxidation, it should be applied at concentra
tions not lower than 1 mg mL− 1 (Fig. 1). 

Fig. 1. Inhibition of soybean 15-lipoxygenase by protocatechuic acid (PCA) 
(IC50 = 0.3771 ± 0.0699 mg mL− 1). Linoleic acid was used as substrate in the 
analysis. The results represent the mean of three replicates ± S.E. 
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3.3. Experiment 1: Initial assessment of PCA potential as a preservative 
for application in meat 

The first experiment (trial 1) aimed to assess the potential of PCA as a 
meat preservative, comparing its antioxidant effects with those of LA at 
20 mg mL− 1 and RA at 0.25 mg mL− 1. The application of PCA at 12 mg 
mL− 1 had a significantly higher positive effect in preventing color loss 
and oxidation than LA and RA. Color is an important quality parameter 
in meat. Changes in meat color occur when oxymyoglobin, a red-tone 
globin, is oxidized to metmyoglobin, a brown-tone globin, conferring 
a brown color to meat (Hunt & King, 2012). The meat samples of all 
treatments showed lightness loss after two days of storage (Table 2). The 
samples treated with LA and PCA showed the highest lightness loss, 
followed by water and RA-treated samples. This difference determined 
the major ΔE* in these samples. Although PCA-treated samples showed 
the highest total color difference and lightness loss, these samples did 
not show either redness or hue loss, while all the others showed sig
nificant changes in these parameters when compared to fresh meat 
(Table 2). Several studies showed that natural antioxidant extracts, 
including extracts containing PCA, contribute to preserving meat color 
(Awad et al., 2021; Sánchez-Escalante et al., 2011). Zhong et al. (2021) 
have recently shown that the application of gelatin-based films incor
porating PCA at 0.1% to meat decreased discoloration. In contrast to the 
observed in PCA-treated samples, the samples treated with RA at 0.25 
mg mL− 1 showed a redness loss of 41% and an increase in the hue of 
74%. The results suggest that the capacity of rosemary extract to pre
serve meat color may derive from the activity of these compounds 
together, and RA on its own may not be as effective in retaining meat 
color. Another possibility may be the need for a higher RA dose to reach 
the desired results. Concerning meat treated with LA at 20 mg mL− 1, the 
results showed that it slightly prevented redness loss (20% loss) in 
comparison with the observed in samples treated with water (46%) and 
RA (41%) (Table 2). However, the total color difference was higher in 
comparison with RA and water-treated meat, mainly due to lightness 
loss, as observed in the meat treated with PCA. LA, widely used for meat 
preservation due to its antimicrobial activity (Carpenter et al., 2011; 
Han et al., 2021; Rodríguez-Melcón et al., 2017), has been shown not to 
affect meat color. Remarkably, its application, at concentrations as high 
as 4%, may enhance color retention in beef (Rodríguez-Melcón et al., 
2017). However, contradictory findings emerge, as buffalo meat treated 
with LA at concentrations up to 6% did not decrease redness loss 

compared to the control over a seven-day storage period (Manzoor et al., 
2020). The contradictory results of these previous studies suggest that 
LA's ability to maintain meat color depends on the type of meat to which 
it is applied. Still, other factors may be involved, including raw meat 
quality (freshness, pH, pre-existing color changes, endogenous LA, and 
antioxidant concentrations) (Ma, Wang, Chen, Yu, & Han, 2021; Puo
lanne, Poso, Ruusunen, Sepponen, & Kyla-Puhju, 2002). LA, when used 
as a part of a preservation process, may contribute to maintaining the 
stability and activity of endogenous antioxidants naturally present, 
increasing the reducing activity (Kim, Keeton, Smith, Berghman, & 
Savell, 2009; Suman, Hunt, Nair, & Rentfrow, 2014). In addition, dif
ferences in processing conditions (temperature, and storage duration), 
and initial microbial load, may also impact color retention (Blandon 
et al., 2023). Our findings align with the notion that LA significantly 
prevents redness loss in minced meat. 

The meat treatment with PCA contributed to the highest oxidation 
inhibition. The concentration of lipid hydroperoxides significantly 
increased in the samples of all treatments after two days of storage at 
room temperature. The lower increase was observed in the meat treated 
with RA (2.9-fold) followed by the treated with PCA (3.4-fold) (Table 2). 
This result is in accordance with the findings of several studies, which 
report that rosemary extract inhibits meat lipid oxidation (Al-Hijazeen & 
Al-Rawashdeh, 2019; Bianchin et al., 2017; Sebranek, Sewalt, Robbins, 
& Houser, 2005; Velasco & Williams, 2011). Despite the hydroperoxides 
results, lipid peroxidation, expressed as concentrations of MDA, was 
effectively inhibited in meat treated with PCA compared with RA, in 
which the levels of MDA increased by more than double the initial 
concentration (Table 2). This result suggests that PCA applied at 12 mg 
mL− 1 (800 mg 100 g− 1 meat) is more effective in preventing meat lipid 
oxidation than RA at 0.25 mg mL− 1 (10 mg 100 g− 1 meat). The appli
cation of 5 mg of PCA to 100 g of ground beef has been shown to reduce 
lipid peroxidation by 42% after six days of storage at 15 ◦C, compared to 
untreated meat (Yin & Chao, 2008) and more recently, Hernández- 
García et al. (2022) have also reported that meat packaged in bilayer 
films incorporating 2% PCA (w/w) reduced meat lipid peroxidation and 
peroxide value. 

Regarding the LA effect, although it slightly inhibited meat lipid 
oxidation, the difference was only significant for MDA concentrations in 
comparison with water-treated samples, and the levels were still 3.5-fold 
higher than the initial concentrations (Table 2). 

Considering the results, PCA at 12 mg mL− 1 showed higher potential 
than RA and LA at preventing meat color loss and lipid oxidation. 

3.4. Experiment 2: Minimal PCA concentration for meat oxidation 
inhibition 

Considering the findings of experiment 1, in the second experiment 
three independent trials (trials 2.1, 2.2, and 2.3) were conducted. In 
trials 2.1 and 2.2, PCA solutions with decreasing concentrations were 
applied to minced meat samples and stored for two days at room tem
perature. The results allowed the development of a model (sigmoidal 
dose-response model) which showed that the application of a PCA 

Table 1 
PCA inhibitory effect on lipoxygenase (LOX) activity. The results represent the 
mean of three replicates ±S.E. Means with the same letter are not significantly 
different (P < 0.05).  

PCA concentration (mg mL− 1) Solvent LOX inhibition (%) 

0.05 assay buffer 8.3 ± 0.8a 

0.15 assay buffer 22.6 ± 2.4b 

0.3 assay buffer 36.9 ± 3.4c 

0.5 DMSO 39.9 ± 3.7c 

1 DMSO 101.8 ± 1.5d  

Table 2 
Color measurements [lightness (L*), redness (a*) and hue angle (h◦), and total color difference (ΔE*)] and lipid oxidation results [lipid hydroperoxides concentrations 
and concentrations of malondialdehyde (MDA)] in fresh meat (day 0) and meat treated with water, rosmarinic acid (RA) at 0.25 mg mL− 1, lactic acid (LA) at 20 mg 
mL− 1, and protocatechuic acid (PCA) at 12 mg mL− 1, after 2 days of storage at room temperature under dim light. The results represent the mean of three replicates ±
S.E. Means within a column with the same letter are not significantly different (P < 0.05).  

Experiment 1 (trial 1) Color  Lipid oxidation 

Lightness (L*) a* Hue (h◦) ΔE* Hydroperoxides (μmol g− 1 meat) MDA (mg kg− 1 meat) 

Fresh meat 62.8 ± 0.5a 15.3 ± 0.1a 21.6 ± 0.2a – 0.563 ± 0.122a 0.305 ± 0.006a 

Water 53.4 ± 0.6b 8.3 ± 0.3b 40.2 ± 1.0b 16.0 ± 0.4a 2.293 ± 0.137b 1.530 ± 0.083b 

RA 0.25 mg mL− 1 55.8 ± 0.6c 9.0 ± 0.2b 37.7 ± 1.2b 13.6 ± 0.4b 1.657 ± 0.072c 0.672 ± 0.045c 

LA 20 mg mL− 1 50.4 ± 0.9d 12.2 ± 0.3c 41.3 ± 2.0b 19.2 ± 0.6c 2.007 ± 0.069bc 1.058 ± 0.076d 

PCA 12 mg mL− 1 50.2 ± 0.2d 15.4 ± 0.6a 21.0 ± 1.7a 19.5 ± 0.2c 1.940 ± 0.060bc 0.205 ± 0.011e  
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solution at a concentration of 0.7545 mg mL− 1 may be able to inhibit 
MDA formation by 50% and that PCA may be effective at inhibiting lipid 
oxidation when applied at a concentration of 2 mg mL− 1 (Fig. 2). 

Although there is no established MDA concentration limit in meat 
products, MDA concentrations above 0.5 mg kg− 1 indicate oxidation and 
values above 1.0 mg kg− 1 may be unacceptable (Reitznerová et al., 
2017). In some previous studies, TBARS limits in beef have been sug
gested, and proposed limits varied from 1 up to >3 mg kg− 1 (Campo 
et al., 2006; Hughes, McPhail, Kearney, Clarke, & Warner, 2015), having 
even been proposed a limit of 10 mg kg− 1, depending on the method 
used to determine TBARS concentrations (Zhang et al., 2019). It has 
been reported that the MDA concentrations measured using differently 
adjusted methods may lead to significantly different results (Reitznerová 
et al., 2017; Zhang et al., 2019). In the case of the samples analyzed in 
this study, after two days of storage at room temperature, though the 
measured MDA levels were below 0.5 mg kg− 1 (Fig. 2), there was a 
significant decay in meat quality with the formation of off-odors. Hence, 
a lower limit of MDA may be proposed for minced meat, considering the 
method conducted herein to determine MDA levels. 

To validate the developed model (Fig. 2), an independent trial was 
conducted (trial 2.3), with PCA applied to minced meat at 1 and 2 mg 
mL− 1. MDA concentrations were significantly lower in the meat samples 
treated with PCA at 2 mg mL− 1 compared with the samples treated with 
1 mg mL− 1 (P < 0.05) (Table 3). The results showed that PCA applied at 
1 mg mL− 1 was not enough to prevent meat lipid oxidation, whereas, at 
2 mg mL− 1, it was effective, confirming that the effective PCA inhibitory 
concentration is between 1 and 2 mg mL− 1. 

Regarding color, the lightness results were in accordance with the 
results found in experiment 1, with PCA-treated samples showing the 
highest change (Table 2 and Table 3). The meat samples of all treatments 

showed similar redness loss, total color difference and the hue angle 
significantly increased (Table 3). The samples treated with PCA showed 
the lowest increase, followed by RA and water. These results suggest that 
PCA contributes to maintaining meat color. However, when applied to 
meat products at 1 and 2 mg mL− 1 (Table 3), it is not as effective as at 12 
mg mL− 1 in preventing redness and hue loss (experiment 1, Table 2). 

3.5. Experiment 3: PCA ability to inhibit lipid oxidation in meat stored at 
room temperature and 4 ◦C 

The former experiments were conducted at room temperature to 
perform accelerated trials, rapidly assessing the potential of PCA for 
application in meat products. However, fresh meat and meat products 
are maintained in the cold chain and stored under cold conditions. 
Therefore, this trial (trial 3) aimed to validate the previous findings in 
meat stored under cold conditions. For this purpose, minced meat 
treated with water, RA at 0.25 mg mL− 1, and PCA at 2 mg mL− 1 were 
stored for two days at room temperature and seven days at 4 ◦C. The 
meat samples treated with PCA after two days of storage at room tem
perature showed less color change when compared with water-treated. 
However, at each time-point of analysis, these differences were not 
significant among the samples of the different treatments (Fig. 3 a, c, e). 
This result is in accordance with the results found in experiments 1 and 2 
(Tables 2 and 3). Similarly, when the samples were subjected to the 
same treatments and stored for seven days under cold conditions (4 ◦C), 
the meat samples treated with PCA showed significantly lower redness 
(a*) and hue angle (h◦) losses compared with water-treated (Fig. 4). 
Though in this case the differences were significant after seven days of 
storage (P < 0.05) (Fig. 5 b, d, f). 

Regarding meat lipid oxidation, the results were in accordance with 
the results found in the former trials of the present study. The concen
trations of hydroperoxides in the meat samples treated with PCA and RA 
were significantly lower than in the samples treated with water 
(Table 4). The concentration of hydroperoxides in PCA-treated samples 
was 39% lower after one day of storage and 20% lower after two days 
compared with the water-treated, in the respective time points (Fig. 5a). 
PCA also performed better than RA in inhibiting hydroperoxide forma
tion after one day of storage at room temperature, with 20% lower 
accumulation of hydroperoxides (Fig. 5a). Despite the significant dif
ferences observed in the meat samples subjected to different treatments 
during storage at room temperature, for the stored at 4 ◦C, the con
centrations of hydroperoxides at day two and day seven were not 
significantly different for any samples (Fig. 5b). The results of hydro
peroxides obtained in the trial conducted at room temperature clearly 
showed that PCA inhibits meat lipid oxidation. Under cold storage, the 
kinetic of meat lipid oxidation differs from that occurring at room 
temperature (Huang et al., 2015), which may explain the non-significant 
differences found among the differently treated samples. In contrast 
with hydroperoxides, the concentrations of MDA, resulting from sec
ondary oxidation, were significantly lower in the PCA-treated compared 
with the meat samples treated with water during storage under both 

Fig. 2. Sigmoidal dose-response curve fitting of MDA formation as a function of 
PCA concentration applied to minced meat at different concentrations. Each 
data point represents the individual value of each replicate measured in trip
licate. Results from experiment 2, trials 2.1 and 2.2. 

Table 3 
Color measurements [lightness (L*), redness (a*), hue (h◦) and total color difference (ΔE*)], and lipid oxidation results [(lipid hydroperoxides and malondialdehyde 
(MDA) concentrations] in fresh meat (day 0) and meat treated with water, rosmarinic acid (RA) at 0.25 mg mL− 1, and protocatechuic acid (PCA) at 1 and 2 mg mL− 1, 
after 2 days of storage at room temperature under dim light. The results represent the mean of three replicates ± S.E. Means within a column with the same letter are 
not significantly different (P < 0.05).   

Color  Lipid peroxidation 

Experiment 2 (trial 2.3) Lightness (L*) a* Hue angle (h◦) ΔE* MDA concentration (mg kg− 1 meat) 

Fresh meat 51.3 ± 1.8a 24.0 ± 0.2a 29.4 ± 1.3a – 0.122 ± 0.035a 

Water 53.9 ± 0.4ab 12.2 ± 0.7b 43.7 ± 1.8b 12.3 ± 0.6a 1.151 ± 0.124b 

RA 0.25 mg mL− 1 51.5 ± 1.1a 11.8 ± 0.3b 42.3 ± 0.8bc 12.5 ± 0.2a 0.132 ± 0.009c 

PCA 1 mg mL− 1 54.9 ± 1.8ab 12.3 ± 0.8b 41.4 ± 1.3bc 12.8 ± 0.9a 0.255 ± 0.005d 

PCA 2 mg mL− 1 57.0 ± 1.2b 12.2 ± 1.1b 39.6 ± 1.6c 13.6 ± 1.5a 0.159 ± 0.018e  
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conditions (Fig. 5 c, d). The concentration of MDA in the meat samples 
treated with 2 mg mL− 1 of PCA and stored for two days at room tem
perature was significantly lower (47%) than in the samples treated with 
water. Similarly, after two and seven days under cold storage, the 
samples treated with PCA showed lower MDA concentrations (25% and 
30%, respectively) than the samples treated with water, and the dif
ference was significant after seven days of storage (P < 0.05). Hernán
dez-García et al. (2022) recently reported similar results. The authors 
showed that meat packaged in bilayer films incorporating 2% PCA (w/ 
w) reduced lipid peroxidation and peroxide value by about 30% after 15 
days of storage at 5 ◦C, compared to meat packed using the same film 
without PCA. Despite the difference in the application mode, these re
sults were similar to ours, indicating that PCA is promising as a food 
preservative on its own or as an ingredient in a preservative formulation 

or bioactive film. 
The results found in this trial confirm that PCA applied at 2 mg mL− 1 

contributes to preventing lipid oxidation in minced meat during storage 
at room temperature and under refrigeration. 

3.6. Experiment 4: The potential of CMC as a PCA delivery system 

In experiment 4 (trial 4), PCA was applied to meat cubes, at 2 mg 
mL− 1, on its own and in combination with CMC to assess the potential of 
CMC as a delivery system to improve the effectiveness of PCA in 
inhibiting meat lipids oxidation. 

In contrast to the observed in trial 2.3 (Table 3), in which PCA 
application at 2 mg mL− 1 through spraying to minced meat did not 
inhibit redness loss, in this trial (trial 4), the immersion of meat cubes in 

Fig. 3. Surface meat color changes in terms of lightness (L*), redness (a*), and hue (h◦) and total color difference (ΔE*) during storage at room temperature (a, c, e, 
and g) and under refrigeration (b, d, f and h) after treatment with water, rosmarinic acid (RA) solution at 0.25 mg mL− 1 and PCA solution at 2 mg mL− 1. The results 
represent the mean of three replicates measured in triplicate ± S.E. Means with similar letters above the bars are not significantly different (P < 0.05). Results from 
experiment 3, trial 3. 
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a PCA solution at 2 mg mL− 1 resulted in a redness (a*) loss inhibition of 
13%, compared with the redness (a*) loss inhibition in the water treated 
samples (Table 4). This result suggests that PCA application by immer
sion may be more effective than spraying, or PCA at this concentration 
may be more effective when applied to meat cubes rather than to minced 
meat. The treatment with PCA combined with CMC resulted in a lower 
inhibition of redness loss (only 4%) compared to the application of PCA 
on its own. Similarly, meat samples treated with PCA had lower hue 

change, but the combination with CMC resulted in higher color change 
even when compared with the observed in water-treated meat (Table 4). 
CMC is commonly used to produce functional edible films incorporating 
biologically active molecules with antioxidant and antimicrobial activ
ities to increase the shelf life of meat (El Sheikha et al., 2022; Ezati & 
Rhim, 2021; Razmjoo, Sadeghi, Alizadeh-Sani, Noroozi, & Azizi- 
Lalabadi, 2022). However, some studies reported that adding CMC at 
2% to a model meat product does not confer resistance to oxidation but 

Fig. 4. Visual appearance of fresh minced meat and minced meat treated with water, rosmarinic acid at 0.25 mg mL-1, and protocatechuic acid at 2 mg mL− 1 after 2 
and 7 days of storage at 4 ◦C. Results from experiment 3, trial 3. 

Fig. 5. Concentrations of lipid hydroperoxides and lipid hydroperoxides in fresh minced meat samples and samples treated with water, rosmarinic acid (RA) at 0.25 
mg mL-1, and protocatechuic acid at 2 mg mL− 1 during storage at room temperature for 2 days (a, c) and under refrigeration at 4 ◦C for 7 days (b, d). The results 
represent the mean of three replicates measured in triplicate ± S.E. Means with similar letters above the bars are not significantly different (P < 0.05). Results from 
experiment 3, trial 3. 
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improves the water-binding capacity and lowers meat hardness (Han 
et al., 2018). Our results support this hypothesis. 

Concerning meat lipid oxidation, the results of lipid peroxidation 
showed that PCA applied at 2 mg mL− 1 to meat cubes is effective in 
preventing oxidation since no significant differences were found be
tween fresh meat cubes and PCA-treated cubes after storage for two days 
at room temperature (Table 4). Regarding meat samples treated with 
PCA combined with CMC, they showed higher MDA concentrations than 
PCA-treated, after storage, but they still were not significantly different 
from the concentrations found in fresh samples. 

Considering the results, CMC as a delivery system for PCA did not 
contribute to increasing PCA effectiveness, but it had no significant 
detrimental effect and, for that reason, may be used to deliver PCA 
without constraints. 

4. Conclusion 

This work aimed to demonstrate the beneficial effect of PCA in 
preserving meat quality through the preservation of color and inhibition 
of lipid oxidation. The in vitro trials showed that PCA is a potent anti
oxidant and an effective LOX inhibitor at concentrations as low as 1 mg 
mL− 1. 

The trials conducted in vivo, using minced meat bought in local 
markets, showed that PCA inhibits lipid peroxidation when applied at 
12 mg mL− 1 and that at this concentration, it is more effective at 
inhibiting meat lipid oxidation and meat discoloration than LA at 20 mg 
mL− 1 and RA at 0.25 mg mL− 1. The results of subsequent trials con
ducted applying PCA solutions at different concentrations allowed the 
development of a model and the determination of the PCA concentration 
at which 50% of MDA formation was inhibited (IC50 = 0.7545 mg 
mL− 1). The model also allowed us to estimate the concentration at which 
PCA may be effective (2 mg mL− 1, applying 0.4 mL g− 1 meat, corre
sponding to an application dose of 800 mg PCA kg− 1). In another trial, 
these results were confirmed, with the application of PCA at 1 mg mL− 1 

resulting in a significantly lower effect on meat oxidation than at 2 mg 
mL− 1. Having determined the concentration of PCA to apply to meat 
products, we evaluated the ability of this solution to prevent meat 
oxidation when meat samples were stored at room temperature and 
under cold conditions. The results showed that PCA at 2 mg mL− 1 pre
vents meat lipid oxidation and discoloration when stored under both 
conditions. In addition, it was also of interest to understand if that 
concentration was also effective for application to meat products with 
other shapes. Therefore, PCA at 2 mg mL− 1 on its own or combined with 
CMC, a biopolymer commonly used for bioactive compounds' delivery, 
was applied to meat cubes, which, after being treated, were stored at 
room temperature for two days. The results confirmed the ability of PCA 
to confer enhanced resistance to oxidation when applied to meat cubes, 
but CMC did not improve PCA performance. 

Collectively, the results presented in this study clearly show that PCA 
activity is dose-dependent and that when applied to meat at concen
trations above 2 mg mL− 1, it contributes to inhibiting meat lipid 
oxidation and meat discoloration in minced meat and meat pieces 

during storage under ambient and cold conditions and that PCA com
bination with CMC does not confer enhanced resistance to oxidation. 
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