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Abstract

Omega-3 long-chain Polyunsaturated Fatty Acids (n-3 PUFAs) found in fish oil capsules have a critical role and significance for human health. Partic-
ularly EPA and DHA are known for their potential benefits in preventing cardiovascular disease, treating inflammatory conditions, improving early
life neurodevelopment, and preventing cognitive decline. n-3 PUFAs are highly prone to oxidation and degradation reactions due to their chemical
structure containing several double bonds. Here, we emphasize the importance of quality assurance in the production of omega-3 capsules, from
raw material extraction to manufacturing, packaging, and storage. Oxidation protection is identified as a key factor in preserving the freshness and
efficacy of omega-3 products. Various factors influencing oxidation are discussed, including exposure to air, temperature, time, light, transition met-
als, and water. The role of antioxidants in reducing oxidation is highlighted and the importance of monitoring oxidation levels through tests like the
TOTOX value. The article emphasizes the need for proper storage, handling and testing of omega-3 capsules to ensure their quality and effectiveness
for consumers. The review provides a comprehensive analysis of the literature on omega-3 fatty acids and underscores the significance of quality
assurance in delivering high-quality omega-3 products.
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Abbreviations: ALA: a-linolenic acid; DHA: Docosahexaenoic acid; EE: Ethyl ester; EPA: Eicosapentaenoic acid; GOED: The Global Organization
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Introduction

Fish oils are among the most popular dietary supplements in
the world. They contain significant quantities of omega-3 long-
chain Polyunsaturated Fatty Acids (n-3 PUFAs) which play a critical
role in human health. Almost a century ago, in the year 1929, Burr
and Burr discovered that essential fatty acids exist that the human
body cannot synthesize itself [1,2]. A lot of the basic research on
omega-3 fatty acids was done by Robert George Ackman [3]. He is
known as pioneer in the field of lipid analytical chemistry, particu-
larly capillary Gas Liquid Chromatography (GLC) of fatty acids. He
developed a number of techniques to study and analyse marine oils
that are now used worldwide.

n-3 PUFAs show promise, particularly in the prevention of car-

diovascular disease, the treatment of inflammatory disease, im-
proving early life neurodevelopment, preventing cognitive decline,
and they have potential benefits to metabolism [4-7].

The characteristic of n-3 PUFAs is a double bond three atoms
away from the terminal methyl group in their chemical structure.
The three types of omega-3 fatty acids involved in human physiol-
ogy are a-linolenic acid (ALA), Eicosapentaenoic Acid (EPA), and
Docosahexaenoic Acid (DHA). ALA can be found in plants like wal-
nuts, edible seeds, and flaxseeds, while DHA and EPA are found in
algae and fish [8]. EPA (20:5, n-3;), has 20 carbon atoms and con-
tains 5 double bonds and from the terminal end the first double
bond is three atoms away, therefore it is noted as EPA (20:5, n-3).
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Similarly, DHA (22:6, n-3) has or 6 double bonds in a carbon chain
of 22 carbon atoms, respectively. As with most naturally-produced
fatty acids, all double bonds are in the cis-configuration, in other
words, the two hydrogen atoms are on the same side of the double
bond (Figure 1). Methylene bridges interrupt the double bonds so
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that two single bonds exist between each pair of adjacent double
bonds [9]. At these methylene bridges parts of the carbon chain can
be rotated and therefore the fatty acids have no geometrically fixed
structure (Figure 1).
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Figure 1: Chemical structures of EPA and DHA, a TGA with three EPA side chains and an EE with DHA.

Worldwide, there is a rapid increasing demand for n-3 PU-
FA-rich oils [10]. A lot is provided as omega-3 capsules from many
different manufacturers and different qualities are found on the
global market. Rainer Proksch, CEO of MVS Pharma wants to pro-
vide a premium Omega-3 product to the consumer. For this the
necessary quality must be assured in all steps starting from raw
material via manufacturing the oil, producing the capsules until
packaging, storage and handling at the final consumer. Here, in this
review, we collected literature for all these parts and focus on ox-
idation protection as this is most important to preserve freshness
of n-3 PUFAs. This is significant as millions of people consume n-3
PUFAs daily and their effects depend on the quality of the products.

Oxidation of Omega-3 Formulations

n-3 PUFA are extremely prone to oxidation due to the large
number of double bonds within the fatty acid chain [11,12]. This
leads to fast degradation over time during storage and makes fish
oils unstable in the presence of oxygen and to one of the most labile
supplements sold to consumers [13]. Oxidation of fish oil supple-
ments will not only result in rancidity but also affect the nutritional
value of ingredients. As fish oils oxidize, unoxidized fatty acids re-

duce and are replaced by a complex ‘soup’ of lipid peroxides and
secondary oxidation products like aldehydes and ketones [13]. It
has been shown that a large number of saturated and unsaturated
aldehydes, ketones, acids, and other products isolated from oxi-
dized oils contribute to undesired flavors and odors.

In Figure 2 the reaction mechanism for fish oil oxidation is
shown. The oxidation is a complex reaction consisting of a starting
reaction, a chain reaction and a finishing reaction [14,15]. Start is
the formation of a radical at one of the double bonds in a n-3 PUFA
molecule. This is then the site of reaction with oxygen that leads
to the formation of a peroxide radical. Various reactions of these
radicals are possible with the long molecules of n-3 PUFAs. Due to
the high reactivity of the peroxide radical a chain reaction is the sec-
ond part of the oxidation where many more radicals develop and
many more molecules of n-3 PUFAs degrade. Oxidation of one fatty
acid molecule can result in the formation of many different primary
and secondary oxidation products, so a very small change in the
concentration of a specific fatty acid can result in large amounts of
oxidation products. The final third part of the oxidation is the reac-
tion where two radicals get together whereby also a great variety of
molecules can be formed [14] (Figure 2).
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Initiation reaction

EH—-R +H

R:: fatty acid radical)

Propagation reaction
R'+ 0z - ROO"

Termination reactions

R +R —=RR
ROO" + R" — ROOR

(RH: polyunsaturated fatty acid,

This is a chain reaction as the peroxyl radical
will initiate further propagation reactions.

ROO" + ROO" — ROOR + 02

Figure 2: Reactions taking place upon oxidation of omega-3 fatty acids.

Factors Determining Oxidation

Oxygen is present in air and therefore it is important to protect
fish oil against air exposure at all stages of processing [16]. It is sug-
gested that oils are stored without air and that all residual volumes
in a container or in a capsule that is not occupied by the omega-3
oil is filled with nitrogen or with argon. The inert gas argon has a
higher density than air and therefore will not evaporate fast.

At higher temperatures oxidation reactions run faster [16-18].
Generally, it is said for chemical reactions that the speed doubles
with a 10°C temperature increase. Therefore, it is necessary to con-
trol temperature during all stages where fish oil is worked with,
stored or transported. Similarly, longer the time, the more reactions
can occur and the higher will be the extent of oxidation [19].

Double bonds absorb UV-light and this catalyses the formation
of radicals. This is the first step of the oxidation reaction, that is in-
dependent of oxygen. With oxygen the peroxide radical is built that
leads to very fast chain reactions [15]. However, also without oxy-
gen, UV light accelerates the formation of the radicals of n-3 PUFAs
that then degrade to various products, however, much slower than
in the presence of oxygen.

All omega-3 products must be protected from sunlight [16].
Glass and plastic containers block UV light and also other materials
can be used for protection.

Transition metals like iron and copper catalyse oxidation reac-
tions [20]. Under these conditions chain branching can contribute
by the formation of alkoxyl radicals. As these trace metals occur
in organism and also fish, it is difficult to completely avoid them
[16]. However, one should not add them and limit the contact of n-3
PUFA containing oils with metals like stainless steel. Charged metal

ions can be complexed by chelators like citric acid or EDTA to limit
their reactivity.

In the presence of water, especially if the H,0 content is in ex-
cess in liquid or gas form as humidity, the oxidative stability of n-3
PUFAs is affected [16]. The effects of relative humidity on the oxida-
tive stability of spray-dried microencapsulated fish oil during stor-
age was investigated and the longest lag period was observed at 0%
relative humidity [21]. It was speculated that anti- or prooxidative
roles of water may depend on the structure, composition, and mi-
croscopic heterogeneity of the food system.

Oxidation Rate

From the above points it is clear that the rate of oxidation de-
pends on many points. The reaction is faster if oxygen is present, at
higher temperatures and under UV-light. Sullivan-Ritter et al, have
performed a stability study with liquid omega-3 samples in Triacyl-
glacerol (TAG) and Ethyl Ester (EE) form in open vials at different
temperatures [17]. They assumed pseudo-first order rates for the
reactions at temperatures between 5°C and 45°C and calculated
rate constants. At temperatures above 30°C high oxidation is al-
ready seen within the first days with both, hydroperoxide value and
anisidine value. In Figure 3 an example calculation shows that de-
pending on quality of the fish oil and the presence of air within 10
days more than 90% of the fish oil easily gets oxidized even when
stored at 15°C. The study of Sullivan-Ritter et al,, also clearly shows
that EE fish oil oxidizes more rapidly than TAG fish oil containing
near identical levels of EPA and DHA [17]. It is difficult to compare
studies on oxidation rates of omega-3 products as there are not
many well-documented studies and the samples and the methods
and the conditions like temperature differ a lot [22] (Figure 3).
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described by the following simplified equation:
C(t)=Cox e
where:

®  Cy=the initial concentration of oil

= tisthe time

not oxidized

interface between liquid oil and air.)
*  t=10 days (in this example)|

Entering these values into the formula:

more than 90% would be oxidized.

How long does it take for omega-3 fatty acids to get oxidized?

If oxygen is present in excess the rate of oxidation can be modeled using first-order kinetics '® This can be

®  C[t) is the concentration of unoxidized oil at time t

# kisthe oxidation rate constant {[which depends on environmental factors),

Here is an example calculation for oxidation using a rate constant as it was found for 15°C using the
peroxide value for liquid fish cil containing EPA and DHA in triacylglycerols in open vials with the
following values. Co=100 %, the initial concentration of oil, assuming that at the beginning all of the oil is

= k=0.25 per day at 15°C as found in Reference [17]
(1t depends on the exact composition of the oil, the purity on the size of the surface of the

C (10 days) = 100 % = e"0510= 100 % = e~25= 100 % = 0082 =82 %

In fact, under these conditions after ten days, only around 8.2% of the fatty acids remain unoxidized and

Figure 3: Example of a calculated oxidation time.

Antioxidants

The addition of antioxidants to fish oils reduces oxidation [23].
The oxidation reactions cannot be completely prevented. The addi-
tion of external antioxidants to fish oils promotes the stability and
extends the shelflife of the fish oils [24]. Antioxidants are substanc-
es that, when present at low concentrations compared to those of
an oxidizable substrate, significantly delays or prevents oxidation.
Antioxidants should be added before oxidation starts and peroxide
radicals are formed. Many tests have confirmed that adding anti-
oxidants to already oxidized oils does not have significant benefits
once the chain reaction of oxidation has already started. Antioxi-
dants are preferably added as early as possible in the process chain
of oils [16]. They are necessary to protect from oxidation that might
occur already from oxygen that is soluble in the oil. To stabilize bulk
and end products containing EPA and DHA antioxidants are used to
decrease the rate of oxidation.

The most important antioxidants used are tocopherols [24]. In
addition, spice extracts like rosemary, ascorbates, and citric acid
are used to inhibit oxidation in omega-3 preparations [12]. Tocoph-
erols prevent the chain reaction during free radical oxidation by re-
acting themselves with radicals and thereby stopping the formation
of additional peroxides and the formation of secondary oxidation
products. Citric acid can chelate metal ions that catalyse oxidation
reactions and is very effective in postponing oxidative deteriora-
tion.

Although radicals develop directly from unsaturated fatty ac-

ids, especially those containing multiple double bonds, oxygen is
responsible for the chain reaction step [14]. Manufacturers should
know the content of antioxidants in the oil components they pur-
chase and handle [24]. During handling and processing like distil-
lation, a small part of antioxidants might be removed or reduced
by oxidation. In such cases, it must be essential to reestablish the
original levels of added antioxidants. Many tests have confirmed
that adding antioxidants to already oxidized oils does not have sig-
nificant benefits once the chain reaction of oxidation has already
started. Antioxidants are preferably added as early as possible in
the process chain of oils [16].

Tests for Oxidation

A lot of tests for oxidation products exist [25]. Most common
are the following:

The Total Oxidation Index (TOTOX) is a common method used
in determining lipid oxidation [25]. It determines both the primary
and secondary oxidation products and indicates the overall oxida-
tion states. Therefore, it refers to the final quality of n-3 PUFAs. The
TOTOX value is the sum of the p-anisidine value plus two time the
peroxide value. The p-anisidine value determines the number of al-
dehydes, principally 2-alkenals and 2,4-dienals [26]. The peroxide
test measures oxidation of iodide by hydroperoxides or by oxida-
tion of Fe?* to Fe3* spectrophotometrically [25]. An assay with Thio
barbituric acid reactive substances is the spectrophotometrically
TBA-test, also called rancidity test [24,25]. It measures malondial-
dehyde that is created during the oxidation of lipids.
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Oxidation in Omega-3 Products

At MVS Pharma research was done on manufacturers of fish oil
capsules in different countries like the US and in Europe. Dozens of
companies were found. Many available studies show very different
quality of available products containing EPA and DHA.

In the Journal of Nutritional Science, 2015 a study by Jackowski
etal. evaluated primary and secondary oxidation in all the n-3 PUFA
oils available over the counter in retail stores in Canada [27]. A to-
tal of 171 supplements from forty-nine brands were assessed, with
50% exceeding voluntary limits for at least one measure of oxida-
tion, and 39% exceeding the international voluntary safety recom-
mendations for Total Oxidation (TOTOX) value. A study from 2024
that analysed 72 omega-3 supplements sold in the USA revealed
that 68% of flavoured and 13% unflavoured products exceeded
the TOTOX upper limit set by the Global Organization for EPA and
DHA [28]. Further studies performed in 2013 and 2015 in South
Africa and New Zealand found that more than 80% of supplements
tested exceeded recommended levels [29]. Another analysis from
New Zealand from 2017 shows that more than 70% of the tested
products, 72%, 86% and 77% complied with voluntary indus-
try-set maximum limits on TOTOX value and 91% of the products
complied with EPA/DHA content claims [30]. On the other hand, in
a study by Jairoun, et al, from the year 2020 and one by Pasini, et
al, from 2022 it is stated that most, of the fish oil supplements test-
ed are compliant with the oxidative quality standards [31,32]. So,
the awareness of the importance to protect n-3 PUFAs from oxida-
tion might have increased. A quality control of Italian supplements
containing fish-oil found substantial agreement with the label [33].
However, the researchers concluded that compliance with the label
is not enough to judge a product of good quality. Consequently, it
is clear that control and inspection of authenticity, purity, quality,
and safety in the whole supply chain of omega-3 supplements is
necessary.

Copyright© Eva Kuennemann

A frequent analysis is the measurement of the anisidine and
peroxide values and the calculation of the TOTOX value. This states
if oxidation is present or absent. The absence of oxidized molecules
does not guarantee that EPA and DHA molecules or the TAGs and
EEs containing them are present in their form. As radicals form,
they can also react to other degradation products. An analysis for
the presence of undegraded n-3 PUFAs in the final product would
be a proof and could be done with gas chromatography as is per-
formed after purification.

Production Processes and Important Steps
to Ensure Quality

The assurance of quality and stability of omega-3 long chain
polyunsaturated fatty acid oils has gained importance with millions
of people using it [31]. The fact that the major amount of fish oil
capsules is sold as supplements gives the responsibility for con-
trolling the product mainly to the manufacturers. Best practice
guidelines for oxidation control of marine oils are published by The
Global Organization for EPA and DHA Omega-3 (GOED) [16]. GOED
has shown many factors that can affect the oxidation of marine oil
during and after capsule formation.

Visible Inspection of Omega-3 Capsules

Already per eye strong differences for omega-3 capsules can be
seen as presented in Figure 4. In pure form DHA like EPA is a co-
lourless to pale yellow liquid. Both substances do not have a strong
colour, as can be seen on the left for a clear hard-gelatine capsule
containing a highly purified mixture of EPA and DHA. Due to the
presence of other compounds in fish oil, it can appear yellowish or
slightly amber. This is shown for a soft gel capsule on the left, where
even some aggregates are present. If an air bubble is present in the
capsule, it is important to assure that this does not contain oxy-
gen. Responsible manufacturers use the inert gas nitrogen to flush
during capsule production, as for example Lonza [34] (Figure 4).

-__,J‘

Figure 4: Visual appearance of fish oil capsules.

Manufacturing Steps and Protection Measures

During the production of fish oil, during all processes involved

are protections measures necessary to ensure the safety, quality,
and efficacy of the final product, compare Figure 5. These protec-
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tions are designed to minimize contamination, preserve the nutri-
tional integrity of the oil, and ensure that the fish oil meets industry
and regulatory standards. Especially, the introduction of accidential
oxidation by atmospheric oxygen must be avoided. Figure 5 shows
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the complete production process from the source where omega-3
fatty acids are biochemically produced to the consumer. Steps are
shown where controls to assure quality of omega-3 fatty acids are
necessary (Figure 5).

Protection actions

Source of omega-3 fatty acids
Fish (main source) *
Algae

Plant seeds 3 .
Biotechnologic product ‘.& i‘

Sustainable
production,
anvirenmentally
friendly

During transport protection from coxygen, UV-light and high temperature

Extraction,
Purification,

Concentration of
Omega-3 Fatty Aclds

e

Jig
&

Quality Contral
Tests for

Purity and

| Cxidation

During transport protection from axygen, UN-light and high temperature

Encapsulation

Quality Control
Tests for
Safety and
Stability

During transport protection from oxygen, UV-light and high temperature

Packaging @ a |
g

Storage

Sale

Quality Control af
Shelf lite time and
Storage conditions

Dwring transport protection from cxygen, UN-light and high temperature

Consumer

Assura
quality and
bioavailability

Figure 5: Scheme presenting an overview of the way EPA and DHA take from the source of omega-3 oil to the consumer showing necessary
protection measures to assure quality in all processes.

Main Source of Omega-3 Fatty Acids is Fish

Production of capsules containing omega-3 fatty acids starts at
the source where omega-3 fatty acids are produced in nature. The
raw material typically comes from fish and is extracted from the
fish oil e.g,, cod liver oil, anchovy, or krill [35]. However, fish does
not biosynthesize n-3 PUFAs itself, it acquires them and accumu-
lates them in their tissues as microalgae move up the food chain
[36]. Algae produce the n-3 PUFAs DHA and EPA and these can also
be extracted from algae oil. Furthermore, plant-based sources like
flaxseed or walnut oil contain PUFAs. As more and more omega-3

products are demanded, bacteria are evaluated as host for biosyn-
thesis of omega-3 fatty acids to enable biotechnologal production
of DHA and EPA [35].

Extraction and Concentration of the Omega-3 0il

Fish oil extraction methods were reviewed my Eshari, et al,
2022 [37]. The oil is extracted from the source using methods such
as solvent extraction for fish. For plants cold pressing is often used.
Using low temperatures during the processing of fish oil can pre-
vent the breakdown of omega-3 fatty acids.
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The industrial-scale concentration technologies of n-3 PUFAs
have been more and more perfected in the last 20 years. Omega-3
polyunsaturated fatty acids in fish oil are produced and concentrat-
ed using adsorption and counter current chromatography. To con-
centrate the omega-3 content the main step is fractional or molec-
ular distillation or enzymatic processing, typically focusing on EPA
and DHA, the key omega-3 fatty acids. Further, low-temperature
crystallisation, supercritical fluid extraction, fatty acid solubility
differences and urea complexation are used [38]. In 2013, a review
stated that there were only a handful of companies worldwide able
to produce EPA and/or DHA products with more than 95% purity,
but this changed in the last decade because of the growing demand
for such products [39]. Gas chromatography with flame ionization
detection is a method to identify and quantify omega-3 fatty acids
and accurately and precisely and can be used effectively for rou-
tine analysis [40]. The omega-3 concentrates may be in the form of
free fatty acids, alkyl esters and triacylglycerols, compare chemical
structures in (Figure 1).

Purification of Omega-3 Oil

Fish oil can contain different contaminants and impurities like
heavy metal contamination. Mercury, lead, and cadmium are toxic
when consumed in large amounts. Furthermore, polychlorinated
biphenyls that are industrial chemicals can accumulate in fish and
pose health risks. Production processes should include refining
steps that remove these contaminants. Additionally, environmental
pollutants like dioxins may be present in fish and should be mini-
mized or eliminated during oil refinement through distillation or
other purification processes [41]. Responsible manufacturers like
EPAX analyse all these data and provide certification sheets that the
product is free from contaminants and impurities.

For high-percentage omega-3 products further unwanted fats
like saturated fatty acids and omega-6 fatty acids are removed. Also,
oxidation products can be removed. By these degumming and re-
fining steps, the quality of the fish oil can be improved. Sometimes
deodorization is added to eliminate fishy odors or taste [42]. This
step can involve steam or vacuum treatment at low temperatures
to remove volatile compounds responsible for the smell. For con-
sumers this procedure ensures a more palatable product and the
quality is improved [43].

Storage and Transport After Production of the Oil

Immediately after production the oil is stored in a dark bar-
rel, hermetically sealed and filled with argon to provide an inert
atmosphere, protected from UV-light and high temperature. Argon
is heavier than air and oxygen, therefore it will stay as a protective
on top of liquid fish oil. Additionally, dry storage is recommended as
humidity can also increase degradation.

In experienced companies, like EPAX, the fish oil is tested for
oxygenation by measuring Peroxid- and Anisidine value and the re-
sults are marked per each charge [44]. Additionally, the number of
added antioxidants is noted. Often transport is involved before the
manufacturing of capsules with the omega-3 oil, as frequently the
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producer of the fish oil is another company than the one making
and filling the capsules. Therefore, it is of importance that during
this period, proper storage and packaging are guaranteed.

Manufacturing of Capsules

Fish oil containing omega-3 fatty acids is sold as liquid but the
administration form as capsules bears several advantages. Capsules
can be carried in the bag and stored very easily. As the content has
a protection shell by the capsule less special handling and refriger-
ation is required to maintain freshness. Capsules provide a premea-
sured dose. Often, they have a longer shelf life when they are well-
sealed and less exposed to air, which helps prevent oxidation.

Different capsules have been developed over the years. The
main types of capsules are soft and hard capsules [45]. Both can be
made of gelatin, bovine gelatin or fish gelatin but also other mate-
rials like hydroxypropyl methylcellulose, pullulan and starch that is
used for vegetarian capsules.

The shell of the capsule provides a barrier for oxygen. Depend-
ing on the material and coating of the capsule oxygen can diffuse
well or only in a very limited way [46]. It has been stated that the
lower the oxygen permeability of the capsule shells, the safer the
fill material is from oxidation and the user is smelling or tasting the
fill material. It is known that hard capsules have a much lower oxy-
gen permeability than soft capsules where the ingredients are often
prone to oxidation [45]. In a technical reference file for empty hard
capsules, it is shown that their hard gelatin capsules have a very
low oxygen permeability [47]. In this way, the amount of oxygen
that can enter the capsule and react with n-3 PUFAs is extremely
restricted. Also, a study in the journal “molecules” shows that en-
capsulating provided a protective effect to the fish oil and elongated
the shelf life of it comparing to the untreated oil sample [48].

Additionally, to choosing the right capsule material during the
filling process in capsules oxygen must be excluded. Therefore,
closed systems containing the capsule filling machine are flushed
with nitrogen [34]. When manufacturing capsules, it is recommend-
ed to use whole barrels of omega-3 fish oil entirely. Otherwise, the
manufacturer must ensure that the opened barrels are hermetically
sealed again and re-filled with argon for protection against oxygen-
ation.

Packaging, Storage and Transport of Capsules

After filling, the capsules must be immediately packaged in an
airtight manner to be protected safely. This is done either by im-
mediately filling them into sales packaging such as glass or PE con-
tainers, blisters or bags, or by packaging them in bulk for further
processing in a way that is airtight and protected from UV-light,
high temperature and humidity. When elevated water content is
present, the stability of gelatin capsules is affected and subsequent-
ly the omega-3 oil that is in the capsule gets more oxidation prone.
If the filled capsules are not immediately packaged in the final form,
it must be ensured that they are stored only for short time in a cool
place. They should be processed as quickly as possible. Fish oil
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should be stored in dark, opaque bottles to protect it from UV-light
exposure. Oxygen scavengers and oxygen absorbers can be used
in the form of films, sachets, powders, or as part of the packaging
material itself along with other means of preservation such as the
use of chemicals, reduced water activity, pH, multilayer composite
material, and or vacuum or modified packaging [49].

It has been analysed that the aroma and taste of the omega-3
products generally changes in a negative manner during storage
[50]. In a study in Food Science and Nutrition capsulated samples
were better protected according to the sensory evaluation scores
at the end of the storage period. They analysed fish oil samples
belonging to the same company but being provided from different
stores. As the storage conditions might have varied the samples
showed significant differences in oxidation [50].

Guidance for the Consumer

After the product containing omega-3 fatty acids is sold, the
consumer is responsible for proper storage and intake. If the prod-
uct is purchased in a pharmacy or drug store, the pharmacist and
the counter assistant can give recommendations on how to store
the article and how and when to take it. After a package with 90
capsules is opened the last capsule is generally only taken after 90
days, but the time of home storage might be even longer. In jars cap-
sules can be protected by inert gas upon packaging, but once the
glass is opened air containing oxygen is present. During this time,
the capsules that are not additionally packed, might remain only
partly protected by the capsule, which can have a massive impact
on oxidation. Also, hygiene and microbial contamination must be
thought of if capsules are taken out of the jar by hand. It is recom-
mendable that the storage period should not exceed 18 months at
ambient temperature [51].

Generally, there are instructions for use and storage conditions
of omega-3 capsules written on the package but these are not al-
ways complete. In the Journal “Food Science and Nutrition” an
interesting study is reported, where they selected omega-3 prod-
ucts that are for sale in the Turkish market with the highest sales
figures. For capsules, chewable forms, and syrups it was seen that
the storage time and conditions at home are of importance for the
quality of the product. Articles were purchased and stored in their
own packages at room temperature under dark conditions. For TO-
TOX values, all samples complied with the limit values at the first
opening while 56.3% of the samples out of limits at the end of the
storage period [50].

Batch Testing and Quality Control

For a quality product a robust system of traceability should be
in place to track the source and handling of the fish oil, from the
origin to the consumer, ensuring transparency and accountability.
Regular quality control tests should be conducted on the oil during
various stages of production. These tests include tests for fatty acid
composition. This verifies that the oil contains the correct balance
of EPA and DHA and no contaminants or degradation products.
Tests for the oxidation levels and rancidity ensure the oil has not
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oxidized and remains fresh [24]. Testing for microbial and bacterial
contamination guarantees the product is free from pathogens.

Regulation and Compliance

The regulations for supplements can be the same as for food.
For example, in Germany for the regulation the only need is to noti-
fy with few quality documentations the Federal Office of Consumer
Protection and Food Safety [52]. Fish oil manufacturers should ad-
here to GMP standards, which ensure that the product is produced
in a clean, controlled environment. This includes monitoring tem-
perature, humidity, and sanitation to prevent contamination. Pro-
duction should comply with international standards set by organi-
zations such as the International Fish Oil Standards (IFOS), which
ensure the oil meets quality and safety criteria [53].

Beneficial Effects of Fish Oil
Results from Clinical Studies

Alarge amount of literature exists in this field. Here we present
only a few examples. Omega-3 fatty acids lower systolic and diastol-
ic blood pressure in people with hypertension and in people with
normal blood pressure [54]. Omega-3 fatty acids can reduce heart
rate [55]. Scientific study suggests that people with certain circula-
tory problems, such as varicose veins, may benefit from omega-3.
Omega-3 fatty acids stimulate blood circulation and increase fibrin
breakdown, a protein involved in blood clotting and scar forma-
tion. Omega-3 fatty acids reduce blood triglyceride levels but do
not significantly change the LDL or HDL cholesterol level [56]. A
meta-analysis done in 2018 found that no effect has been observed
after taking a daily one gram of omega-3 fatty acid in individuals
with a history of coronary heart disease [57]. However, omega-3
fatty acid supplementation greater than one gram daily for atleasta
year is effective against cardiac death, sudden death, and myocardi-
al infarction in people who have a history of cardiovascular disease
[58]. A 2021 meta-analysis found that supplementation was asso-
ciated with a reduced risk of myocardial infarction and coronary
heart disease [59].

A 2013 systematic review found evidence of benefit for low-
ering inflammation levels in healthy adults and people with one
or more biomarkers of metabolic syndrome [60]. Consumption of
omega-3 fatty acids lowers blood markers of inflammation such as
C-reactive protein, interleukin 6, and TNF alpha [61]. A 2021 me-
ta-analysis found that supplementation with omega-3 had positive
effects on diabetes biomarkers, such as fasting blood glucose and
insulin resistance [62]. Meta-analysis has shown that omega-3 fatty
acid supplementation demonstrated a modest effect for improving
ADHD symptoms [63]. Furthermore, it was concluded that Athletes
might have a higher risk insufficiency of n-3 PUFAs and that sup-
plements can provide effective strategies for increasing n-3 PUFA
levels [64].

Composition and Dosage

Fish oil supplements typically contain a combination of EPA
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and DHA. The optimal dosage of omega-3 varies depending on the
specific health outcomes being targeted. Clinical studies suggest
that a daily intake of 1,000 mg to 3,000 mg of combined EPA and
DHA is effective for promoting cardiovascular health, reducing in-
flammation, and supporting brain function [65].

It was suggested that the right percentage of omega-3 fatty
acid in relation to omega-6 fatty acids is important [66]. In Western
countries the diet is often very rich in saturated fats what might
lead to less flexibility of the cell membranes what can affect the
way they work. To promote health and longevity an efficient sup-
plement with good quality can enhance the appropriate functions
of the body [2].

Safety and Side Effects

Fish oil is generally considered safe when taken at appropri-
ate doses. The most common side effects include gastrointestinal
discomfort, such as burping or indigestion, especially when taken
in high doses. In a systematic meta-analysis of clinical trials, it was
found that patients receiving high-dose purified EPA may incur ad-
ditional bleeding risk, although its clinical significance is very mod-
est[67].

As described before, it is important to choose a high-quality
supplement that is free of contaminants, such as heavy metals or
PCBs, which can be present in poorly sourced fish oils. Also, it is
essential to guarantee that the fatty acids are not oxidized to ensure
safety.

Harmful Effects of Oxidized Lipids

Lipid peroxides formed through the oxidation of n-3 PUFAs are
absorbed in the gut [68]. Their active transport and subsequent
oxidation may be important in atherogenesis [69]. Lipid perox-
ides also partially decompose to secondary oxidation products in
the gut which are absorbed. Then the omega-3 peroxides may lead
to lipid membrane peroxidation, cell damage, and oxidative stress.
Membrane lipid peroxidation results in altered membrane fluidity,
transport, and cell signalling which may be an important disease
mechanism.

Feeding of oxidized PUFAs to rats led to growth retardation, in-
testinal irritation, liver and kidney enlargement, hemolytic anemia,
decreased vitamin E, increased lipid peroxides and inflammatory
changes in the liver, cardiomyopathy, and potentially malignant co-
lon cell proliferation [70]. Major secondary oxidation products of
omega-3 oils have been shown to cause liver damage and toxicity
in DNA [71,72].

For clinical trials it would be good to assess the quality, especial-
ly the presence of oxidation products of the omega-3 supplements.

Bioavailability and Absorption

Bioavailability refers to the speed of absorption and the quan-
tity of the substance absorbed. The speed can be understood as
the rate at which the substance is absorbed in the gastrointestinal
tract and reaches the portal system. Absorption of the substance
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occurs in the gastrointestinal tract depending on many factors. The
extent of absorption and the speed of substance transport to the
portal circulation describe the bioavailability. On the other hand,
bioavailability can also be considered as the amount of substance
that reaches the systemic circulation or the place of physiological
activity [73]. Only part of the absorbed n-3 PUFAs reached the sys-
temic circulation. Therefore, there is difference in amount on how
the bioavailability is determined and this is important for pharma-
cokinetics and dietary planning.

The bioavailability of omega-3 fatty acids is influenced by fac-
tors such as the form in which the fish oil is consumed, triglycer-
ide compared to ethyl ester, the presence of food, and individual
metabolic factors. Studies indicate that 3-n PUFAs in triglyceride
form are more bioavailable than those in ethyl ester form [74]. The
efficiency of absorption for free fatty acids lies between these. For
this reason, many high-quality omega-3 supplements are designed
with a phospholipid or triglyceride-based formulation to enhance
absorption. However, a study by Nordoy et al,1991, showed that
n-3 fatty acids in fish oil given as ethyl esters or triglycerides were
equally well absorbed [75]. Eicosapentaenoic and docosahexaenoic
acids were also equally absorbed. Another study by Dyerberg et al.
concluded that the bioavailability of EPA and DHA from resterilised
TAG was superior compared with natural fish oil, whereas the bio-
availability from ethyl esters was inferior [74]. Free fatty acid bio-
availability did not differ significantly from natural triglycerides. It
is also important to consider the influence of the capsule on release
of omega-3 oil in the stomach to assess bioavailability [76].

Conclusion

Omega-3 fish oil capsules, particularly those rich in EPA and
DHA, offer significant health benefits supported by a robust body of
scientific evidence. These benefits are most pronounced in cardio-
vascular health, cognitive function, and inflammation management.
When selecting a supplement, the form of omega-3s (triglycer-
ide vs. ethyl ester), dosage, and product quality are key factors to
consider. During fish oil production protection measurements are
essential for ensuring a high-quality, safe, and effective product,
especially as n-3 PUFAs are extremely prone to oxidation. By fol-
lowing strict guidelines for sourcing, refining, and testing, fish oil
producers can deliver a product that supports consumer health
while minimizing environmental and health risks [77]. Additional
to manufacturing conditions, packaging and storage situations that
provide an inert atmosphere, low temperature and avoid light are
important at stores. Also, the consumer must be aware of this and
care not to excess the shelf-life period. Overall, omega-3 supple-
mentation remains a valuable tool for supporting long-term health,
though users should adhere to recommended dosages and consult
with a healthcare professional, especially if taking medications or
managing chronic health conditions.
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