
251

Animal Science Papers and Reports vol. 39 (2021) no. 3, 251-259  
Institute of Genetics and Animal Biotechnology  

of the Polish Academy of Sciences, Jastrzębiec, Poland

Lipid and protein oxidation in ostrich meat under 
various packaging types during refrigerated storage 
and in vitro gastrointestinal digestion*

Olaf K. Horbańczuk1**, Jarosław Wyrwisz1, Joanna Marchewka2,  
Michał Ławiński2,3,  Artur Jóźwik2

1 Department of Technique and Food Product Development, Warsaw University of Life Sciences 
(WULS-SGGW), 159c Nowoursynowska, 02-776 Warsaw, Poland

2 Institute of Genetics and Animal Biotechnology of the Polish Academy of Sciences,  
Jastrzębiec, Postępu 36A, 05-552 Magdalenka, Poland

3 Department of General Surgery, Gastroenterology and Oncology,  
Medical University of Warsaw, Banacha 1a, 02-097 Warsaw, Poland

(Accepted September 25, 2021)

The aim of the study was to evaluate lipid and protein oxidation during refrigerated storage (0, 4, 
8, 12 and 16 days) and in vitro gastrointestinal digestion of ostrich meat (M. iliofibularis), which 
was packed either under vacuum (VP) or modified atmosphere (MAP) in two combination of 
gases O2:CO2:N2, being 40:40:20 (MAP 1) and 60:30:10 (MAP 2). Lipid oxidation was assessed by 
malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE), and hexanal (HEX), and protein oxidation 
was evaluated by the formation of protein carbonyl content compounds (PCC). In raw ostrich meat 
packed under both MAP conditions, an increase of MDA and 4-HNE levels was observed during 
storage, while the MDA value under vacuum was generally stable during 16-day storage. The PCC 
concentration under MAP1 and MAP2 after in vitro digestion was at the comparable level during 
the storage period. In summary, packaging and storage methods influenced the development of 
oxidation processes affecting the final quality of ostrich meat during storage.
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Ostrich meat is characterized by low fat level, with a high proportion of 
polyunsaturated fatty acids (PUFA) [Horbańczuk et al. 1998, 2018, 2019]. It becomes 
popular among consumers worldwide [Cooper et al. 2004, 2007, 2008, Horbańczuk 
et al. 2007, 2008, 2021ab]. This dark red meat is also characterized by higher pH 
(about 6) as compared to beef or pork [Sales and Horbańczuk 1998, Sales et al. 1999, 
Horbańczuk and Wierzbicka 2016, 2017]. Above mentioned features negatively 
affected the quality of ostrich meat during storage [Fernandez-Lopez et al. 2006]. 
Ostrich meat is also rich in heme iron, the pro-oxidative factor which may promote 
the degradation of lipids and proteins, leading to undesirable aromas and off-flavors 
during storage [Hoffman et al. 2014]. Lipid and protein oxidation in meat damages 
the cellular structures of the muscle, which results in loss of the meat quality and its 
decreased shelf life [Vuorela et al. 2005, Seydim et al. 2006]. 

The most common markers of oxidative processes are malondialdehyde (MDA, 
4-hydroxy-2-nonenal (4-HNE), hexanal (HXE) and protein carbonyl content 
(PCC). Malondialdehyde is formed during the decomposition of lipid hydroxides 
produced during peroxidation of polyunsaturated fatty acids (especially of long-
chain polyunsaturated fatty acids), whereas, 4-HNE is the product of the oxidative 
breakdown of hydroperoxides derived from n-6 acids. 

Oxidation continues during digestion in the gastrointestinal tract. Method of 
meat in vitro digestion simulates the physiological conditions of digestion in vivo and 
is very useful for studying and understanding changes, interactions, as well as the 
bioaccessibility of nutrients and non-nutritive compounds [Bornhorst et al. 2014, Van 
Hecke et al. 2014, 2015, 2017b, 2019, Lucas-González et al. 2018, Li et al. 2020]. 
The oxidation products emerging during the meat digestion processes may negatively 
affect health status of the consumers. The aim of the study was to assess the changes 
of lipid- (MDA, 4-HNE, HEX) and protein oxidation (PCC) during refrigerated 
storage of ostrich meat in various packaging types, i.e. vacuum (VP) and modified 
atmosphere (MAP) in two combination of gases O2:CO2:N2 i.e. 40:40:20 (MAP 1) and 
60:30:10 (MAP 2).  In order to investigate the lipid and protein oxidation in ostrich 
meat also during gastrointestinal digestion, in vitro digestion model was applied.

Material and methods 

Samples and packaging 

Meat samples were obtained from the M. iliofibularis from ostrich (8 in each 
group) slaughtered at the age of 10-12 months, weighing between 90 and 95 kg. 
Muscles were collected from carcasses 24 h after slaughter. External fat and visible 
connective tissue were removed and muscles were cut starting from the proximal side 
into 2.5 cm thick steaks (sample weight: 150±15 g). Then, each group of steaks (from 
8 ostriches) was either packed under vacuum or under two conditions of modified 
atmosphere packaging (MAP). Vacuum packaging was performed within 1 min after 

Olaf K. Horbańczuk et al.



253

cut by using a Vac-20SL2A packaging machine (Edesa Hostelera S.A., Barcelona, 
Spain), during which each steak was packed individually in polyamide/polyethylene 
bags (thickness 90μm [20/70], oxygen permeability 50 cm3/m2/24 h, CO2 permeability 
140 cm3/m2/24 h, water vapor permeability 6-8 g/m2/24 h). The in-package vacuum 
level was 2.5 kPa. Modified atmosphere packaging (MAP) was performed in two 
combinations of O2:CO2:N2 gases in ratios of 40:40:20 (MAP1) and 60:30:10 (MAP2). 
The steaks were placed on PET/PE trays (parameters: 187×137×50 mm), and the film 
used was a 44 μm thick PET/CPP + AF laminate with maximum oxygen permeability 
not exceeding 10 cm3/m2/24 h/bar (EC04, Corenso, Helsinki, Finland). Samples were 
packed with an M3 packaging machine (Sealpack, Oldenburg, Germany). The muscle 
samples were stored in a refrigerator at 2°C and samples were collected on the days 0 
(24 h after slaughter), 4, 8, 12 and 16 of refrigerated storage.

In vitro gastrointestinal digestion

The in vitro digestions were performed according to a previously described protocol, 
specific for studying oxidation processes during passage in the gastrointestinal system 
[Van Hecke et al. 2018]. The digestions were performed in quadruplicate. In brief, 4.5 
g of ostrich meat was sequentially incubated at 37°C for 5 min with 6 mL saliva, 2 h 
with 12 mL gastric juice (initial stomach pH of 2.5 to final stomach pH of 3.5), and 2 
h with 2 mL bicarbonate buffer (1 m, pH 8.0), 12 mL duodenal juice, and 6 mL bile 
juice (small intestinal pH of 6.5). After completion, samples were homogenized with 
an ultra-turrax (9500 rpm) and aliquots were stored at -80°C for further analysis. 

Oxidation products in meat and digests

Malondialdehyde (free + bound) was measured spectrophotometrically in meat 
and digests as TBARS (thiobarbituric acid reactive substances) at 532 nm following 
the reaction with 2-thiobarbituric acid in an acid environment after hydrolysis with 
NaOH, extraction in 1-butanol, and quantification using a standard curve with 
1,1,3,3-tetramethoxypropane and concentrations are expressed as nmol MDA/ml. 
[Van Hecke 2017a]. Unbound  4-HNE and HEX in raw ostrich meat and digests 
were measured by HPLC following their derivatization with cyclohexanedione, 
as previously described [Van Hecke 2017a] with slight modifications, and each 
compound was quantified with corresponding analytical standards. Concentrations 
of PCC in raw ostrich meat and digests were determined spectrophotometrically 
following reaction with 2,4-dinitrophenylhydrazine according to Ganhão et al. [2010]

Statistical analysis

A generalized mixed model analysis (repeated measures ANOVA) was performed 
on all measured parameters in order to determine the fixed effect of packaging treatment 
and storage time as a repeated measure, as well as their interaction, separately for the 
raw stored ostrich meat and in vitro digested ostrich meat (SAS v 9.4). Ostriches’ 
identity (bird number) was included in the model as a random factor. There were 
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no outliers present in the dataset. Normality and homogeneity of residual variance 
assumptions were checked using the Shapiro test and examination of the normal plot, 
and these were met by all variables under investigation. The Tukey’s adjustment 
option was used to conduct the analysis. For all analyses, results are reported as means 
± standard error of the mean (SEM). 

Results and discussion

The changes in MDA, 4-HNE, HEX and PCC values in raw and after in vitro 
digestion ostrich meat samples, as influenced by type of packaging and refrigerated 
storage are shown in Figure 1-4.  
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A significant increase of MDA and 4-HNE levels were observed along the storage 
of meat packed in MAP1 and MAP2. The MDA value in ostrich raw meat under 
vacuum was generally stable during 16-day storage, and no significant differences were 
observed across days of storage. Similar results for ostrich meat packed in vacuum 
and modified atmosphere without oxygen, stored at 2°C until day 8th was reached by 
Fernandez-Lopez et al. [2008]. Moreover, in the study conducted by Seydim et al. 
[2006] ostrich meat, which was vacuum packed and stored at 4°C up to 9 days, was 
characterized by lower changes regarding lipid oxidation processes as compared to air 
packaging system. Overall, the value of 4-HNE increased under MAP1 and MAP2, 
whereas in VAC system it was stable during storage. This is in line with the results 
obtained for goose meat stored under vacuum and modified atmosphere conditions 
which had a higher oxidation rate for MAPs than vacuum [Orkusz et al. 2017]. The 

Fig. 1. Levels of MDA (nmol /g) in raw and in vitro digestion ostrich samples, as related to the type of 
packaging and refrigerated storage. Mean values bearing different letters for each day within the same 
packaging conditions (A, B, C, D), or between packaging systems within the same day (a, b, c,). differ 
significantly at p<0.05.
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HEX under MAP1 raised during storage days, while under MAP2 on the 8th day, a 
statistically significant raise of this parameter level was observed, as compared to 
previous storage days. PCC level (Fig. 4) in raw meat samples under MAP2 grew 
unsteadily over the days until the level of 4.76 nmol DNPH/mg protein on the last 
storage day (16).

Lipid and protein oxidation in ostrich meat

Fig. 2. Levels of 4-HNE (µmol/kg meat) value in raw and in vitro digestion ostrich samples, as related to 
the type of packaging and refrigerated storage. Mean values bearing different letters for each day (A, B, C, 
NS-not significant) or between packaging systems (a, b, c, ns-not significant) differ significantly at p<0.05.

Fig. 3. Levels of HEX (µmol/kg meat) value in raw and in vitro digestion ostrich samples, as related to 
the type of packaging and refrigerated storage. Mean values bearing different letters for each day (A, B, C, 
NS-not significant) or between packaging systems (a, b, c, ns-not significant) differ significantly at p<0.05.



256

 Values of all measured parameters were significantly higher on all experimental 
days under both MAP types of packaging, as compared to vacuum one, except for days 
8 and 12 for PCC, when no significant differences between methods were observed. 
These results are in line with shelf-life duration of vacuum-packed ostrich meat, as 
described by Capita et al. [2018]. 

The significant effect of the interaction between packaging method and day in 
in vitro digested ostrich meat samples was observed for the MDA and 4-HNE (Fig. 
1 and 2). An increase of the MDA levels after in vitro digestion of the meat samples 
between all control points was observed under MAP 2 packaging method. Similarly, 
in MAP1 the MDA levels increased regularly over the experimental days, and no 
significant difference in the MDA levels were observed between day 8 and 12 (Fig. 1). 
4-HNE levels were significantly lower under vacuum at the onset of the experiment 
(day 0), as compared to all other experimental days, both in MAP1 and MAP2 (Fig. 
2). However, no significant differences in 4-HNE levels were observed along storage 
time in vacuum packed samples. The MDA values in MAP and MAP2 after digestion 
in vitro on the final experimental day (16) increased significantly in comparison with 
the day 0.  In case of 4-HNE and HEX, their values raised significantly during storage 
time, either in samples after digestion process or in the raw ones. The results obtained 
in our study are generally in agreement with the results of digested chicken meat 
samples  achieved  by Sobral et al. [2020]. The value of HEX in the digested samples 
under MAP1 and MAP2 was over three times higher at the end of storage (day 16th), 
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Fig. 4.   Levels of  PCC (nmol DNPH/mg protein) levels in raw and in vitro digestion ostrich samples, as 
related to the type of packaging and refrigerated storage. Mean values bearing different letters for each day 
(A, B, C, NS-not significant) or between packaging systems (a, b, c, ns-not significant) differ significantly 
at p<0.05.
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as compared to the raw meat samples (Fig. 3). The PCC value for MAP1 and MAP2 
after in vitro digestion was generally at the same level during the storage period (Fig. 
4). Furthermore, according to results of Filgueras et al. [2011] the storage time had 
less impact than cooking on protein changes in rhea meat.  

Conclusion

Based on obtained results in our study, it can be concluded that the effect of the 
interaction between packaging method and day in raw and after in vitro digestion of 
ostrich meat was observed for the MDA, 4-HNE and HEX parameters. In MAP 1 and 
MAP2 the increase of MDA and 4HNE levels was observed during storage, whereas 
the MDA value in ostrich raw meat in vacuum it was generally on the same level 
along 16-day storage. The value of 4-HNE overall increased in MAP1 and MAP2, 
whereas in VAC system it was stable during storage time. The PCC values for MAP1 
and MAP2 after in vitro digestion were generally at the same level during the storage 
period.

Acknowledgments. I would like to express my deep gratitude to Thomas Van 
Hecke from Ghent University for the support, constructive remarks and useful critique 
of this research work.

REFERENCES

1. BORNHORST G.M., SINGH R.P., 2014 – Gastric digestion in vivo and in vitro: how the structural 
aspects of food influence the digestion process. Annual Review of Food Science and Technology. 
5, 111-132.

2. CAPITA R., ÁLVAREZ-GONZÁLEZ T., ALONSO-CALLEJA C., 2018 – Effect of several 
packaging conditions on the microbiological, physicochemical and sensory properties of ostrich 
steaks during refrigerated storage. Food Microbiology 72, 146-156.

3. COOPER R.G., HORBAŃCZUK J.O., 2004 – Ostrich nutrition: a review from a Zimbabwean 
perspective. Monography. Revue Scientifique et Technique de L Office International Des Epizooites 
23(3), 1033-1042.

4. COOPER, R.G.; NARANOWICZ, H.; MALISZEWSKA, E.; TENNETT, A.; HORBAŃCZUK, 
J.O., 2008 – Sex-based comparison of limb segmentation in ostriches aged 14 months with and 
without tibiotarsal rotation. Journal of South African Veterinary Association 79, 142-144.

5. COOPER R.G., TOMASIK C., HORBAŃCZUK J.O., 2007 – Avian influenza in ostriches 
(Struthio camelus). Avian and Poultry Biology Reviews 18,3, 87-92. 

6. ESCUDERO E., SENTANDREU M.A., TOLDRÁ F., 2010 – Characterization of peptides released 
by in vitro digestion of pork meat. Journal of Agriculture and Food Chemistry 58, 8, 5160-5165.

7. FERNÁNDEZ-LÓPEZ, J., SAYAS-BARBERÁ, E., MUÑOZ, T., SENDRA, E., NAVARRO, C., 
PÉREZ-ALVAREZ, J.A., 2008 – Effect of packaging conditions on shelf-life of ostrich steaks. Meat 
Science 78, 143-152.

Lipid and protein oxidation in ostrich meat



258

8. FILGUERAS R.S., GATELLIER P., FERREIRA C., ZAMBIAZI R.C., SANTÉ-LHOUTELLIER 
V., 2011 – Nutritional value and digestion rate of rhea meat proteins in association with storage and 
cooking processes. Meat Science 89, 6-12.

9. FILGUERAS R.S., GATELLIER P., ZAMBIAZI R.C., SANTÉ-LHOUTELLIER V., 2012  –
Effect of frozen storage duration and cooking on physical and oxidative changes in M. Gastrocnemius 
pars interna and M. Iliofiburalis of rhea americana. Meat Science 88, 645-651. 

10. GANHÃO R., MORCUENDE D., ESTÉVEZ M., 2010 – Protein oxidation in emulsified cooked 
burger patties with added fruit extracts: Influence on colour and texture deterioration during chill 
storage. Meat Science 85,3, 402-409. 

11. HOFFMAN L.C, MAXINE JONES M. MULLER N., JOUBERT E., SADIE A., 2014 – Lipid 
and protein stability and sensory evaluation of ostrich (Struthio camelus) droëwors with the addition 
of rooibos tea extract (Aspalathus linearis) as a natural antioxidant. Meat Science 96, 1289-1296.

12. HORBAŃCZUK J., SALES J., CELEDA T., KONECKA A., ZIĘBA G., KAWKA P., 1998 – 
Cholesterol content and fatty acid composition of ostrich meat as influence by subspecies. Meat 
Science 50, 385-388. 

13. HORBAŃCZUK J.O., KAWKA M., SACHARCZUK M, COOPER R.G., BORUSZEWSKA 
K., PARADA P., JASZCZAK K., 2007 – A search for sequence similarity between chicken (Gallus 
domesticus) and ostrich (Struthio camelus) microsatellite markers. Animal Science Papers and  
Reports 25, 283-288. 

14. HORBAŃCZUK J.O, TOMASIK C, COOPER R.G, 2008 – Ostrich farming in Poland - its history 
and current situation after accession to the European Union. Avian Poultry and Biology Reviews 1, 
65-71.

15. HORBAŃCZUK O.K., WIERZBICKA A., 2016 – Technological and nutritional properties of 
ostrich, emu, and rhea meat quality. Journal of Veterinary Research 60 (3), 279-286.

16. HORBAŃCZUK O.K., WIERZBICKA A., 2017 – Effects of packaging methods on shelf life of 
ratite meats. Journal of Veterinary Research 61 (3), 279-285.

17. HORBAŃCZUK O.K., MOCZKOWSKA M., MARCHEWKA J., ATANASOV A.G., KUREK 
M.A., 2019 – The Composition of fatty acids in ostrich meat influenced by the type of packaging and 
refrigerated storage. Molecules 24(22), 4128.

18. HORBAŃCZUK O.K., JÓŹWIK A., WYRWISZ, J., MARCHEWKA J., WIERZBICKA, 
A.,  2021a –  Physical characteristics and microbial quality of ostrich meat in relation to the type of 
packaging and refrigerator storage time. Molecules 26, 3445.

19. HORBAŃCZUK O.K., JÓŹWIK A., WYRWISZ J., MARCHEWKA J., ATANASOV A.G., 
WIERZBICKA A., 2021b – The activity of chosen antioxidant enzymes in ostrich meat in relation 
to the type of packaging and storage time in refrigeration. Biomolecules 11, 1338. https://doi.
org/10.3390/biom11091338.

20. HU L., REN S., QING SHEN Q., YE X., CHEN J., LING J., 2018 – Protein oxidation and 
proteolysis during roasting and in vitro digestion of fish (Acipenser gueldenstaedtii). Journal of 
Science and Food Agriculture 98, 5344-5351.

21. LI C., YU W., WU P., CHEN X.D., 2020 – Current in vitro digestion systems for understanding food 
digestion in human upper gastrointestinal tract. Trends in Food Science & Technology 96, 114-126.

22. LUCAS-GONZÁLEZ R., VIUDA-MARTOS M., PÉREZ-ALVAREZ J.A., FERNÁNDEZ-
LÓPEZ J., 2018 – In vitro digestion models suitable for foods: opportunities for new fields of 
application and challenges. Food Research International 107, 423-436.

23. NiEVA-ECHEVARRÍA B., GOICOECHEA E., GUILLÉN M.D., 2018 – Food lipid oxidation 
under gastrointestinal digestion conditions: a review. Critical Reviews in Food Science and 
Nutrition. https://doi.org/10.1080/10408398.2018.1538931.

Olaf K. Horbańczuk et al. 



259

24. ORKUSZ A., HARAF G., OKRUSZEK A., WEREŃSKA-SUDNIK M., 2017 – Lipid oxidation 
and color changes of goose meat stored under vacuum and modified atmosphere conditions. Poultry 
Science 96, 3, 731-737.

25. PIECZYNSKA M.D., YANG Y., PETRYKOWSKI S., HORBANCZUK O.K., ATANASOV 
A.G., HORBANCZUK J.O., 2020 – Gut Microbiota and its metabolites in atherosclerosis 
Development. Molecules 25(3), 594.

26. POŁAWSKA E., TOLIK D., CIEPŁOCH A., HORBAŃCZUK O.K., RAES K., DE SMET S., 
2016 – The effect of dietary oil seeds on the fatty acid profile and metabolism in ostrich liver. Animal 
Science Papers and Reports 34(2), 173-180.

27. SALES J., HORBAŃCZUK J.O., 1998 – Ratite Meat. World’s Poultry Science Journal 54, 1, 
59-67.  

28. SALES J., HORBAŃCZUK J.O., DINGLE J., COLEMAN R., SENSIK S., 1999 – Carcase 
characteristics of emus (Dromaius novaehollandiae). British Poultry Science 40, 145-147. 

29. SEYDIM A.C., ACTON J.C., HALL M.A., DAWSON P.L., 2006 – Effects of packaging 
atmospheres on shelf-life quality of ground ostrich meat. Meat Science 73 (3), 503-510.

30. SOBRAL M.M.C., CASAL S., FARIA M.A., CUNHA S.C., FERREIRA I. M.P. L.V. O., 2020 –
Influence of culinary practices on protein and lipid oxidation of chicken meat burgers during cooking 
and in vitro gastrointestinal digestion. Food and Chemical Toxicology 141, 111401.

31. VAN HECKE T., BASSO V., DE SMET S., 2018 – Lipid and protein oxidation during in vitro 
gastrointestinal digestion of pork under helicobacter pylori gastritis conditions. ournal of Agriculture 
and Food Chemistry  66, 49, 13000-13010, https://doi.org/10.1021/acs.jafc.8b04335. 

32. VAN HECKE T., HO P.L., GOETHALS S., DE SMet S., 2017a – The potential of herbs and 
spices to reduce lipid oxidation during heating and gastrointestinal digestion of a beef product. Food 
Research International 102, 785-792. 

33. VAN HECKE T., GOETHALS S., VOSSEN E., DE SMET S., 2019 – Long-chain n-3 PUFA 
content and n-6/n-3 PUFA ratio in mammal, poultry, and fish muscles largely explain differential 
protein and lipid oxidation profiles following in vitro gastrointestinal digestion. Molecular Nutrition 
and Food Research 63, 22, 1900404.

34. VAN HECKE T., VAN CAMP J., DE SMET S., 2017b – Oxidation during digestion of meat: 
interactions with the diet and helicobacter pylori gastritis, and implications on human health. 
Comprehensive Reviews In Food Science And Food Safety 16, 2, 214-233.

35. VAN HECKE T, VOSSEN E, HEMERYCK LY., VANDEN BUSSCHE J., VANHAECKE L., 
DE SMET S., 2015 – Increased oxidative and nitrosative reactions during digestion could contribute 
to the association between well-done red meat consumption and colorectal cancer. Food Chemistry 
187, 29-36.

36. VAN HECKE T, VOSSEN E, VANDEN BUSSCHE J, RAES K, VANHAECKE L., 2014 – 
Fat content and nitrite-curing influence the formation of oxidation products and NOC-Specific 
DNA adducts during in vitro digestion of meat. PLoS ONE 9(6): e101122. doi:10.1371/journal.
pone.0101122.

37. VUORELA S., SALMINEN H., MÄKELÄ M., KIVIKARI R., KARONEN M., HEINONEN 
M., 2005 – Effect of plant phenolics on protein and lipid oxidation in cooked pork meat patties. 
Journal of Agricultural and Food Chemistry, 53, 22, 8492–8497.

38. ZDANOWSKA-SĄSIADEK Ż., MARCHEWKA J., HORBAŃCZUK J.O., WIERZBICKA A., 
LIPIŃSKA P., JÓŹWIK A., 2018 – Nutrients composition in fit snacks made from ostrich, beef and 
chicken dried meat. Molecules 23, 1267.

Lipid and protein oxidation in ostrich meat




