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Abstract

Omega-3 fatty acids (w-3 FAS), including alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA), are essential polyunsaturated fats with documented benefits for
cardiovascular, cognitive, and inflammatory health. However, dietary intake remains below
recommended levels in many populations. Fortifying commonly consumed foods like dairy products
presents an effective approach to enhance omega-3 intake. This review explores the significance of
omega-3 fatty acids, strategies for their incorporation into dairy matrices, stability challenges during
processing and storage, and the health implications of fortified dairy consumption. Topics pertaining to
functional foods, omega-3 fatty acids, their suppliers, and varieties of dairy products supplemented with
these fatty acids were all critically reviewed. Products enhanced with unique components that provide
positive and healthful benefits are known as functional foods. Modern diseases including
atherosclerosis, Alzheimer's, type 2 diabetes, cardiovascular disease, and autoimmune diseases are all
strongly linked to inadequate consumption of functional foods. Two types of polyunsaturated fatty
acids are omega-3 and omega-6. For the human body, they play a crucial biochemical purpose.
Numerous cardiovascular, cancerous, inflammatory, and autoimmune disorders are caused by high
omega-6/omega-3 ratios and high omega-6 levels, whereas high omega-3 levels prevent the onset of
these conditions. Omega-3 fatty acids can be found in algae, fish, and plants. By altering the diet of the
animal or by directly adding vegetable or fish oils, dairy products can be enhanced with omega-3 fatty
acids. The literature include both fresh and mature dairy products enhanced with omega-3 fatty acids
from plant and animal sources. According to the literature review, there aren't enough studies on the
topic of adding omega-3 fatty acids to Bulgarian dairy products.

Keywords: Yoghurt, cheese, monounsaturated fatty acids, polyunsaturated fatty acids, fish oil,
vegetable oils

Introduction

Omega-3 fatty acids are vital nutrients that cannot be synthesized de novo in humans and
must be obtained from the diet. The major dietary forms include ALA (18:3n-3), found in
flaxseed and chia, and the long-chain fatty acids EPA (20:5n-3) and DHA (22:6n-3),
primarily sourced from fish and marine oils (Adkins & Kelley, 2010) ™. Due to evolving
dietary patterns, many populations fall short of the recommended intake of 250-500 mg/day
of EPA+DHA (EFSA, 2012).

Dairy products, including milk, cheese, yogurt, and butter, are excellent vehicles for
functional food delivery owing to their widespread consumption and compatibility with
lipid-based fortification. Incorporating omega-3s into these products can promote health
benefits while aligning with consumer preferences for natural, nutritious foods. The concept
of "functional foods" originated in Japan in 1984, referring to food products enhanced with
bioactive ingredients that provide specific health benefits. These foods are designed not only
to improve nutrition but also to support physiological functions while maintaining eating
enjoyment (Hardy, 2000; Kwak & Jukes, 2001). #7421 Fortified foods, a subset of functional
foods, are products supplemented with one or more essential nutrients at higher
concentrations than those found in conventional counterparts. Their primary purpose is to
address nutrient deficiencies in targeted population groups or society at large (Bonner et al.,
1999) 61,

Functional foods can be categorized in several ways based on their intended health benefits
and the components they contain. According to Makinen-Aakula (2006), functional foods
may be classified into three main types. First, there are functional foods that enhance quality
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of life, which include products containing probiotics and
prebiotics known to support gut health and immune
function. Second, some functional foods are designed to
mitigate health risks, targeting conditions such as high
cholesterol or hypertension through ingredients that help
regulate blood lipids or blood pressure. Third, there are
functional foods that aid digestion, such as lactose-free or
gluten-free products, which are formulated to support
individuals with specific intolerances or sensitivities.
Alternatively, Kotilainen et al. (2006) %, Sloan (2000) [62],
and Spence (2006) ® propose a different classification
system based on the nature of fortification and modifications
in foods. This system includes foods fortified with
additional nutrients—for example, fruit juices enriched with
vitamin C, vitamin E, folic acid, zinc, or calcium. Another
category includes foods supplemented with non-native
bioactive components such as probiotics and prebiotics,
enhancing their health-promoting properties. Additionally,
some functional foods are developed by reducing, removing,
or substituting certain ingredients to improve their health
profile, such as low-sugar or fat-free variants. Finally, the
classification includes foods enhanced with natural
additives, such as dairy products fortified with omega-3
fatty acids, aimed at delivering specific nutritional benefits.
Omega-3 fatty acids. From a chemical point of view, fatty
acids are saturated and unsaturated. The classification of
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fatty acids is presented in Fig. 1.

FATTY ACIDS
|— SATURATED FATTY ACIDS (no double bonds)
| — Examples: Palmitic acid, Stearic acid
I
L UNSATURATED FATTY ACIDS (>1 double bond)
— Monounsaturated (MUFA)
| L— Omega-9 (e.g., Oleic acid)
|
L— Polyunsaturated (PUFA)
|— Omega-3 (e.g.. ALA, EPA, DHA)
— Omega-6 (e.g.. LA, Arachidonic acid)

Fig 1: Classification of fatty acids

Saturated fatty acids don’t contain a double bond in their
hydrocarbon chain, for example (stearic acid C18:0).
Unsaturated fatty acids are divided into ®-9
monounsaturated (with one double bond in the hydrocarbon
chain) and polyunsaturated fatty acids (with more than one
double bond in the hydrocarbon chain, »-6, »-3) (Fig. 2).
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Fig 2: Chemical structures of saturated and unsaturated fatty acids

Monounsaturated fatty acids (w-9) contain one double bond,
and the 9 after o indicates the position of the double bond in
the hydrocarbon chain. Counting starts from the methylene
end as shown in Fig. 2.

Classification and Health
Polyunsaturated Fatty Acids (PUFAS)
Polyunsaturated fatty acids (PUFAS) are categorized into
two primary groups: omega-6 (®-6)and omega-3 (w-3),
distinguished by the position of their double bonds in the
hydrocarbon chain. In ©-6 fatty acids, the double bond is
located at the sixth carbon atom from the methyl end,
whereas in -3 fatty acids, it is positioned at the third
carbon atom (vide Fig. 2).

Implications of

Dietary Sources and Structural Influence on Health

The ratio of saturated to unsaturated fatty acids varies across
food sources. Saturated fats predominantly derive from
animal-based products such as butter, cheese, and cream,
while unsaturated fats are abundant in vegetable oils, fish
oils, and algal oils. These structural differences significantly
influence their physiological effects (Joordens et al., 2014)
1338, Unlike omega-3 and omega-6 fatty acids, the human
body can synthesize monounsaturated (omega-9) fatty
acids from saturated fats. Omega-9 fatty acids, found in
almonds, walnuts, avocados, and olive oil (Peou et al., 2016;
Wang et al., 2015) B3 &1 support vital physiological
functions and help elevate HDL ("good") cholesterol levels
(Gogus & Smith, 2010) 21,
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Opposing Roles of Omega-6 and Omega-3 in
Inflammation and Disease

Omega-6 and omega-3 fatty acids play crucial yet
contrasting roles in biological processes, including
inflammation and blood clotting. Research indicates
that omega-6  fatty acids promote inflammation,
whereas omega-3 fatty acids exert anti-inflammatory
effects (Calder, 2006) [. Modern Western diets,
characterized by high omega-6 and low omega-3 intake,
have been linked to increased risks of chronic diseases,
including:

e  Cardiovascular disorders (Simopoulos, 2008) [,

e Cancer (Wang et al., 2017) [68],

e  Autoimmune and inflammatory conditions
(Simopoulos, 2016; Kaliannan et al., 2019) [61. 3],

Conversely, higher omega-3 intake may mitigate these risks.

Optimal Omega-6 to Omega-3 Ratios for Health

https://www.agriculturaljournals.com

The recommended dietary ratio of omega-6 to omega-3

ranges between 1:1 and 4:1, as this balance is associated

with reduced chronic disease risk (Simopoulos, 2016;

Kaliannan et al., 2019) % 33 Kolanowski & Laufenberg

(2006) suggest a maximum ratio of 4:1, while specific

health conditions may require further adjustments:

e A4l ratiowas linked to a70% reduction in
mortality among coronary heart disease patients (de
Lorgeril et al., 1994) 4],

e A 2:1-3:1 ratio alleviates inflammation in rheumatoid
arthritis (James & Cleland, 1997) [¥2,

e ANbG:1 ratio may improve asthma symptoms, whereas
a 10:1 ratio is considered detrimental (Broughton et al.,
1997) 81,

Essentiality of Omega-3 Fatty Acids

Omega-3 fatty acids are essential nutrients because humans
lack the desaturase enzyme required to synthesize them
(West et al., 2003) "1, Three key omega-3 fatty acids (see
Fig. 3) play critical roles in human biochemistry.

1 3

1 3
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2). Ficosapentaenoic acid (20:5, 1-3; short name EPA)

3). Docosahexaenoic acid (22:6, n-3; short name DHA)

0
|

0
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Fig 3: Chemical structures of a-linolenic acid, eicosapentaenoic acid, decoxaheptaenoic acid

The three-primary omega-3 fatty acids are a-linolenic acid
(ALA), eicosapentaenoic acid (EPA), and docosahexaenoic
acid (DHA). ALA, the shortest-chain omega-3 fatty acid, is
predominantly found in plant sources such as vegetable oils
and nuts, while EPA and DHA are primarily obtained from
marine sources including fish and microalgae (Chew et al.,
2008; Kalogeropoulos et al., 2010; Guedes et al., 2011;
Ward & Singh, 2005) (113623, 701 Although the human body
can convert ALA to EPA and DHA, this metabolic process
is highly inefficient (Kalogeropoulos et al., 2010) [,
necessitating direct dietary intake of these essential fatty
acids through supplements or omega-3-rich foods. Regular
consumption of EPA and DHA has been associated with
reduced risk of various chronic conditions including
cardiovascular disease, type 2 diabetes, neurodegenerative
disorders like Alzheimer's disease, and mental health
conditions such as bipolar disorder and schizophrenia (Patel
et al., 2021) B2, Maintaining optimal health requires
consistent dietary intake of these essential fatty acids.
Global omega-3 consumption remains inadequate (Sioen et

al., 2009). Bulgarian nutritional guidelines establish specific

daily recommendations:

e ALA intake should constitute 0.5% of total energy
intake across all age groups

e Combined EPA and DHA intake should be at least 250
mg/day for individuals over 2 years old

e Pregnant and lactating women require an additional
100-200 mg/day of DHA

The EFSA Panel (2012) 3 concluded that increased intake

of these fatty acids poses no safety concerns, leading to

unrestricted omega-3 consumption guidelines under

Regulation 1925/2006.

Marine sources, particularly fish, represent the richest

sources of EPA and DHA. The fatty acid composition of

fish varies significantly based on species, environment, and

diet. Research indicates barbel contains the highest

monounsaturated fatty acid content (18.51%), while river

mullet provides the highest polyunsaturated fatty acid levels

(1.87%), including omega-3 (Gaffari & Khoshnood, 2021)

[171, Species-specific analyses reveal salmon contains 0.8%

EPA and 1.6% DHA, while Russian sturgeon provides
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11.3% EPA and 0.7% DHA (Kyosev & Dragoev, 2008) [,
These findings confirm freshwater fish as valuable dietary
sources of essential omega-3 fatty acids (Gaffari &
Khoshnood, 2021) [,

HC VTV TV VWA
COOH

COOH

Fig 4.: Various images of the structure of DHA

Marine fish, including salmon and Russian sturgeon, remain
among the most accessible and rich sources of omega-3
fatty acids. Fish oils, primarily derived from these species,
are particularly valued for their high concentrations
of eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA)—two polyunsaturated fatty acids with well-
documented health benefits. Research indicates that EPA
and DHA contribute to cardiovascular protection, reduced
risk of certain cancers, and modulation of inflammatory
immune responses (Gowda et al., 2018; Munoz-Tebar et al.,
2019; Goksen et al., 2020) [22 4% 21 DHA is especially
crucial for brain and eye development, making it essential
during pregnancy and early childhood (Calder, 2016) [,
Meanwhile, EPA exerts unique biological effects
by competing with arachidonic acid (AA, an omega-6 fatty
acid) in cell membranes, thereby influencing membrane
properties. Unlike AA, which promotes inflammation and
thrombosis, EPA exhibits anti-inflammatory and
antithrombotic effects (Adkins & Kelley, 2010; Jump et al.,
2012; Larsson et al., 2004) & 3% 441 As shown in Table
1, tuna oil and 60% tuna oil concentrate contain the highest
levels of EPA and DHA among omega-3 sources. Enriching
foods with fish oil presents a viable strategy to boost omega-
3 intake. However, a major technological challenge is the
susceptibility of these oils to oxidation, which leads to
undesirable fishy flavors and lipid degradation (Feizollahi et
al., 2018; Gumus & Gharibzahedi, 2021) [16.2%],

Table 1: EPA and DHA composition of various omega-3 rich oils
(Calder, 2016) [29]

Tvoe of Oil EPA DHA Total EPA+DHA
P (9/100g) | (9/100g) (9/1009)

Cod liver oil 11 9.0 20
Krill oil 14 6.5 20
Tuna oil 11 35 46

Algae oil (infant 0 40 >40

formula)

60% fish oil 36 24 60

concentrate

https://www.agriculturaljournals.com

Omega-3 rich fish oils impart distinct sensory characteristics
to fortified products, limiting their broader application in
food formulations (Piombo et al., 2006; Botelho et al.,
2013; Waraich et al., 2013; Ganesan et al., 2014) [54 7. 69. 18],
To address these challenges, food manufacturers are
exploring two primary solutions: (1) using highly refined,
deodorized fish oils, and (2) employing encapsulation
technologies to mask undesirable flavors and protect the oil
during processing (lafelice et al., 2008) [?°l, The sensory
impact of fish oil fortification depends on both the quantity
added and the fish species used as the oil source (Gibney,

1997; Kolanowski et al., 1999; Roche & Gibney, 1994) [%
38, 57]

The high oxidative susceptibility of fish oils necessitates
strict control of manufacturing, packaging, and storage
conditions to prevent degradation from oxygen exposure,
UV light, elevated temperatures, humidity, and metal ion
contamination  (Jacobsen, 1999) [B9  Encapsulation
technology has emerged as an effective strategy to mitigate
oxidation while minimizing sensory impacts.
Complementary approaches include incorporating natural
antioxidants such as rosemary extract (Siejak, 2021) [58],
chamomile compounds (Avula et al., 2014; Guimaraes et
al., 2013) 24 or beetroot and ginger extracts (Srivastava et
al., 2015) [6%,

Plant-derived omega-3 sources offer distinct advantages,
particularly for dairy fortification, as they avoid the strong
flavors associated with fish oils. Dal Bello et al. (2015)
successfully enriched yogurt using various plant oils with
differing a-linolenic acid (ALA) content: flaxseed (71%),
camelina (36%), raspberry (29%), Echium plantagineum
(33%), and blackcurrant (14%) oils. These plant-based
omega-3 precursors (ALA and linoleic acid) serve as
metabolic precursors for EPA and DHA (Jakobsson et al.,
2006; Sprecher et al., 1995) [31. ¢4 while also providing anti-
inflammatory and immunomodulatory benefits
(Czarnowicki et al., 2017; Harbige, 2003) [12.-26],

The dairy industry has increasingly focused on omega-3
fortification, employing two primary strategies: (1)
modifying animal feed to enhance natural omega-3 content
in milk, and (2) direct product fortification. While feed
modifications using flaxseed, lupine, or rapeseed can triple
milk's omega-3 content (Tzora et al., 2022) [ direct
fortification allows for more precise dosage control and
higher omega-3 levels in final products.

Sensory studies reveal that plant-based omega-3 fortification
generally achieves better consumer acceptance than fish oil-
enriched products (Dal Bello et al.,, 2015; Bermudez-
Aguirre & Barbosa-Céanovas, 2011) [13 51 Optimal
fortification levels vary by product type: yogurt and cream
tolerate 1-5 g/kg fish oil, while spreadable cheeses and
butter can incorporate 20-60 g/kg without compromising
sensory qualities (Kolanowski & Weibbrodt, 2007) 9. A
single serving (30g) of fortified cheese can provide 180-360
mg of omega-3s, significantly boosting dietary intake,
particularly for individuals with low fish consumption
(Kolanowski & Weibrodt, 2007) [

Omega-3 Fortification in Dairy Products: Current
Approaches and Outcomes

Current studies demonstrate varying strategies for omega-3
fortification across dairy products, with significant
differences in optimal incorporation levels between product
categories. Kolanowski & WeiRbrodt (2007) 9 established
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that liquid dairy products (yogurts and creams) tolerate 0.1-
0.5 g/100 g fish oil, while semi-solid products (processed
cheeses, spreads, butter, and soft cheeses) accommodate
higher concentrations of 2-6 g/100 g. Comparative studies
reveal important source-dependent differences: plant-based
fortification with flaxseed oil (0.3 g/100g) in yogurt yielded
0.7 g omega-3/100g final product (Dal Bello et al., 2015)
(131 while other plant oils showed varying efficiency
(camelina 0.5—0.2 g, raspberry 0.7—0.2 g, black currant
14—04 g, Echium 0.6—0.6 g). Cheese studies by
Bermudez-Aguirre & Barbosa-Cénovas (2011) B! revealed
striking contrasts between sources - fish oil (1 g added)
delivered higher final omega-3 levels than flaxseed oil in
queso fresco (0.8 vs 0.2 g/100 g), cheddar (0.9 vs 0.5 g), and
mozzarella (0.3 vs 0.08 g). These findings collectively
suggest that: (1) product matrix significantly affects optimal
fortification levels, (2) marine sources generally provide
greater omega-3 bioavailability, but (3) plant sources may
offer sensory advantages, particularly in delicate products
like yogurts where Almasi et al. (2021) @ successfully
incorporated 0.2 g/100g flaxseed oil. The data underscores
the need for product-specific formulation approaches to
balance nutritional enhancement with sensory quality.

Conclusion

Recent research on dairy product fortification with omega-3
fatty acids reveals several key findings. While feed
modification strategies for dairy animals show promising
results in enhancing milk's natural omega-3 content, this
approach presents limitations. First, it exclusively relies on
plant-derived omega-3 sources (primarily ALA), and
second, it yields variable omega-3 concentrations in the
final product. In contrast, direct fortification enables more
precise dosage control and consistent omega-3 levels across
production batches.

The current market shows a clear preference for dairy
products fortified with plant-based omega-3 sources over
those using marine-derived (fish or algal) oils. This trend
likely stems from the sensory challenges associated with
fish oils, particularly their distinct flavor profile that can
affect product acceptability. Modern encapsulation
technologies offer effective solutions to these challenges by
masking undesirable flavors while protecting the sensitive
fatty acids from oxidation. Complementary approaches
include incorporating natural antioxidants to further stabilize
the oils and maintain product quality.
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