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Abstract: In the last decade, research has shown that most diseases are associated with organelle
dysfunction in which metabolites play a crucial role or indicate specific processes. Peroxisomes are
cellular organelles attracting an increasing amount of attention and are now recognized as essential
players in physiological conditions and diseases. However, a limited amount of research focuses
on isolating the organelles and studying their properties and the diseases resulting from organelle
dysfunction. All methods for isolating peroxisomes are based on fresh tissue samples. To the best of
our knowledge, this is the first work in which peroxisomes have been isolated from frozen rat liver.
In our work, we isolated peroxisomes from frozen rat liver at —80 °C and evaluated the separation
success and degree of purification of isolated peroxisomes by measuring the relative specific activity,
purification fold, and percentage yield (Y%) of organelle marker enzymes in the isolated fractions.
The percentage of protein distribution and density was also estimated. Our results showed that the
purified peroxisome fraction (F3-peroxisome) had significantly higher relative specific activity, as well
as the highest purification fold and percentage yield of catalase compared with the enzyme markers
of other organelles in the postnuclear supernatant (PNS), postmitochondrial supernatant (PMS), and
light mitochondria—peroxisome (LM-P) fractions. In addition, the percentage of protein distribution
was significantly lower in the F3-peroxisome fraction compared with PNS, PMS, and LM-P fractions
while the percentage of protein distribution and density of the F3-peroxisome fraction after iodixanol
centrifugation were significantly higher than those of the F1 and F2 fractions. The present work
demonstrates the possibility of isolating peroxisomes from frozen liver samples efficiently, which
could pave the way for further research in the future on other subcellular organelles from frozen
samples.

Keywords: peroxisomes; frozen liver; isolation; enzyme assay; iodixanol; subcellular fractionation;
organelle purification

1. Introduction

Metabolomics, the comprehensive analysis of metabolites in a biological sample, is
an emerging technology that holds promise for precision medicine [1]. It has become a
beneficial technology for early diagnosis and pathogenesis research, and the discovery
of therapeutic targets in various diseases is an emerging tool that provides promising
information for the practice of precision medicine [1-4]. Body fluids, cells, and tissues are
commonly used samples in metabolomics, but organelles such as mitochondria, lysosomes,
peroxisomes, etc., have received little attention [5]. Since a cell consists of several organelles
and cytoplasm, the metabolites in the individual organelles constitute only a small part
of the whole cell. It follows that the changes in cell/tissue metabolomics that we observe
in certain pathological conditions are an averaged result of metabolic changes in different
organelles and cytoplasm and that it is difficult for cell/tissue metabolomics to detect

Separations 2023, 10, 306. https:/ /doi.org/10.3390/separations10050306

https://www.mdpi.com/journal /separations


https://doi.org/10.3390/separations10050306
https://doi.org/10.3390/separations10050306
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://orcid.org/0000-0003-4128-4196
https://doi.org/10.3390/separations10050306
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations10050306?type=check_update&version=1

Separations 2023, 10, 306

20f15

significant changes in the biological processes that occur in individual organelles [6,7].
Therefore, the metabolic shifts we observe at the cell/tissue level may be underestimated
because the opposing changes in the various organelles neutralize each other [8].

The isolation of subcellular compartments such as organelles to analyze their func-
tion or content is used in many biomedical assays [9]. Subcellular proteomics, in which
subcellular components are isolated before proteomic analysis is performed, is helpful
in characterizing organelles and understanding the mechanisms of protein transport and
organelle biosynthesis. The purity of the samples to be analyzed is critical for interpreting
the results in proteomics technology [10]. The analysis of subcellular fractions generated
during isolation reduces the complexity of the samples to be analyzed and should provide
more information about the smaller protein components that would otherwise not be
detected [11].

Peroxisomes are cellular organelles that range in diameter from 0.2 to 1.0 um and
one or two to several hundred peroxisomes are found in virtually all eukaryotic cells [12].
Peroxisomes have different metabolic functions in almost all eukaryotic cells, including
the «- and p-oxidation of fatty acids, biosynthesis of bile acids and ether phospholipids,
cholesterol metabolism, and metabolism of reactive oxygen species [13,14]. Peroxisomes
contain over 50 enzymes that perform numerous biological functions and are actively
involved in apoptosis, innate immunity, and inflammation [15]. Since peroxisomes play a
vital role in metabolism, any decrease in peroxisome function leads to severe peroxisomal
disease. Recently, it has become increasingly clear that impairment of peroxisomal functions
contributes to numerous and widespread diseases such as cancer, diabetes, viral infections,
and neurodegeneration [16].

The isolation of peroxisomes is an essential technology for characterizing the com-
ponents in peroxisomes and their function. Unfortunately, peroxisomes constitute only a
small percentage of the volume of liver and kidney cells, where they are most abundant.
However, highly purified peroxisomes can be obtained from rat liver by classical meth-
ods, including mild homogenization of the tissue, differential centrifugation, and density
gradient centrifugation [17].

The separation of peroxisomes from rat liver was not a spontaneous idea. Rat liver
was the source of the fractions De Duve and colleagues used for the first biochemical
characterization of peroxisomes [18,19]. In 1968, Leighton and colleagues performed the
procedures for isolating peroxisomes from rat liver [20]. However, with the development
of science and equipment over time, the technique of peroxisome isolation has improved.

Up until now, all methods for isolating peroxisomes have depended on fresh tissue
samples. The only study that isolated peroxisomes from frozen liver samples was carried
out in 1992 by Alvarez et al. [21]. The study focused on isolating peroxisomes from
the frozen liver biopsies of human specimens. In their study, they successfully isolated
peroxisomes from frozen liver samples, and the properties of peroxisomes were studied
and analyzed. Except for this study, there are no previous studies or information on the
isolation of organelles from frozen samples.

While there are studies that have been able to separate and study organelles other than
the peroxisome from frozen samples, such as the nucleus [22] and mitochondria [23-25],
little is known about the separation of the peroxisome from frozen samples, which may
have discouraged researchers from experimenting on this important organelle. This led us
to think about the possibility of separating the peroxisome from frozen rat liver samples,
based on the research by Alvarez et al. [21] who were able to separate the peroxisome, but
from frozen human biopsy of liver samples. Separating peroxisomes from fresh samples
directly after the animal is sacrificed is quite challenging. The separation process requires
a long time and several pieces of equipment that could be difficult to manage [26,27].
Moreover, storing the isolated peroxisomes could compromise their biological integrity and
biochemical function, whereas storing the entire organ can help preserve the organelles
intact, which is the motive of our study. In the absence of research that addresses the
separation of peroxisomes from frozen samples, researchers resort to the preservation
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and freezing of samples immediately after the animal is sacrificed to study some of the
peroxisome features at a later time by other methods that do not require previous separation
steps such as genetic evaluation.

In this work, the peroxisomes were isolated from rat livers frozen at —80 °C using
the classical separation method based on three steps (1) mild homogenization of the
tissue with a Potter-Elvenheijm homogenizer at low speeds, (2) a series of differential
centrifugations leading to peroxisome-enriched fraction, and (3) a final centrifugation
step using an iodixanol density gradient. Subsequently, the integrity of the isolation and
purification procedure was evaluated by biochemical characterization of marker enzymes
of purified peroxisomes and other organelles, such as mitochondria, microsomes, and
lysosomes that may be present with purified peroxisomes. Unlike most previous references
which used devices to prepare continuous iodixanol gradient media [26,28] that may not
be available in all laboratories, in our protocol, we were able to create a loading system that
allows the researcher to prepare continuous iodixanol gradient media from a discontinuous
one, and we supported this with illustrations. This is the first protocol that describes and
details the steps for the separation of peroxisomes from frozen rat liver samples. As recent
literature lacks modern and replicable protocols for peroxisome separation, this protocol
aims to fill this gap in the hopes of aiding future researchers interested in peroxisome
separation to obtain the best results.

2. Materials and Methods
2.1. Chemicals

OptiPrep 60% (w/v) iodixanol density gradient medium was purchased from Sigma-
Aldrich (St. Louis, MO, USA). 3-(N-morpholino) propanesulfonic acid (MOPS) and
Ethylenediaminetetraacetic acid (EDTA) were purchased from Beijing Solarbio Science
and Technology Co., Ltd., Beijing, China, and from Sigma (St. Louis, MO, USA). Sucrose,
sodium hydroxide NaOH and ethanol were purchased from commercial sources. All
chemicals used were of analytical grade.

2.2. Equipment

Refrigerated low- and high-speed centrifuge (HERMLE Labortechnik GmbH, Gosheim,
Germany), digital refractometer (ATAGO RX-5000«, Tokyo, Japan), ultracentrifuge and
fixed angle rotor (Himac-CP100WX, P80AT-0135 rotor, Tokyo, Japan), Potter-Elvehjem
tissue Homogenizer with a loose-fitting pestle (clearance 0.1-0.15 mm, vol. 30 mL) were
used, as well as quick seal polyallomer tubes (39 mL, Beckman Coulter, Brea, CA, USA).

2.3. Animals and Liver Samples

Six male Wistar rats, seven weeks old, weighing (200 £ 10) g, were obtained from the
animal house of King Fahad Medical Research Center (KFMRC), Jeddah, Saudi Arabia. The
study was approved by the Ethics Committee of King Abdulaziz University (Approval
No. 518-20) and conducted according to the rules and regulations of the Animal Care and
Use Committee at (KFMRC). The rats were starved overnight, anesthetized with isoflurane
(initiated with 5% isoflurane and maintained with 3% in 2 L/min oxygen flow in a sealed
container), and sacrificed by decapitation. The abdominal cavity was then opened, and the
liver was removed, rinsed with 0.9% NaCl, weighed, frozen, and stored at —80 °C.

2.4. Preparation of lodixanol Density Gradient Layers

The isolation of peroxisome depends on the successful preparation of a continuous
iodixanol gradient media from a discontinuous one. To do that, there are many methods
to prepare it. One of these methods is the freeze-thawing method [26,29]. Here, we
prepared discontinuous iodixanol gradient media and froze it until use in the last step of
peroxisome isolation.

Before starting the isolation steps, the iodixanol density gradient layers must be
prepared. First, 20%, 40%, and 50% (w/v) iodixanol gradient solutions were prepared by



Separations 2023, 10, 306

40f 15

mixing the following stock solutions in the volume ratios of 60% w/v iodixanol, diluent
(6 mM EDTA, 30 mM MOPS, 0.6% ethanol adjusted to pH 7.2 with 1 M NaOH), 1 M sucrose,
and distilled water as described in Table 1 [30]. We prepared a loaded system by using
a 10-mL syringe, a 20 g needle, and 100 pL glass microcapillary pipettes as described
in the method in [31]. Then, these gradient layers (20%, 40%, and 50%) were created
by sequentially adding each layer from the lowest percentage of iodixanol (20%) to the
highest (50%).

Table 1. Preparation of iodixanol gradient solutions layer.

Iodixanol Diluent 1 M Sucrose (mL) Water Total Volume
50% 3.33 04 0.27 0 4
40% 8 1.2 14 14 12
20% 4 12 2.2 4.6 12

As shown in Figure 1, the plunger of the syringe was removed, and the 20 g needle
was attached to the 10 mL syringe. Then, the microcapillary glass pipette was inserted into
the lumen of the microcapillary tube. Finally, the microcapillary glass pipette was inserted
into the top of the sealed ultracentrifuge tube until the microcapillary reached the bottom.
This creates the syringe—microcapillary system into which the density gradient layers are
poured. The density gradient was poured from the least dense (20%) to the densest (50%)
layer using the syringe microcapillary system, allowing the layers to flow into the tube
below the previous layer. The layers ran by gravity into the bottom of the centrifuge tube.
Sequentially, 12, 12, and 9 mL of the 20%, 40%, and 50% iodixanol dilutions were layered,
respectively. The result is a discontinuous density gradient consisting of three layers. The
discontinuous gradient was frozen in liquid nitrogen and stored at —80 °C until use.

y

h_v Syringe with needle

Microcapillary tube

Ultracentrifuge tube

AR WA A A

B
20% 40% 50%

T A A
Freezing in liquid nitrogen

and store at and —80°C until

use.

Figure 1. Preparation of discontinuous iodixanol gradient. (A) Syringe-microcapillary-loaded
system. (B) Create the iodixanol gradient by sequentially adding each layer from the lowest percent
of iodixanol (20%) to the highest (50%).

2.5. Peroxisome Isolation

The protocol we used to isolate peroxisomes is based on the method of Graham and
Islinger with some modifications [26,28,30]. The protocol for isolation and purification
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of peroxisomes is carried out in three steps: (1) homogenization of the liver tissue with a
Potter—Elvenheijm homogenizer at low speeds, (2) subcellular fractionation by differential
centrifugation to produce a light mitochondrial-peroxisome fraction, and (3) the final
centrifugation step using an iodixanol density gradient. Figure 2 summarizes the three
steps of the separation process, which are explained in detail below.

A') Homogenization
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Figure 2. Purification scheme for the isolation of peroxisomes.
2.5.1. Homogenization

The frozen liver samples (10 to 12 g) were rinsed with cold homogenization buffer
(HB) (sucrose 0.25 M, 1 mM EDTA, 5 mM MOPS, 0.1% ethanol, adjusted to pH 7.2 with 1M
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NaOH) and quickly cut into pieces of approximately 2.5 mm?. Then, the liver pieces were
suspended in ice-cold HB at a ratio of 3 mL/g tissue. It was very important to pre-cool all
the glassware, solutions, and equipment to a temperature of 4 °C and keep them on ice
throughout the process. After that, the suspended liver pieces were homogenized with
a Potter-Elvehjem tissue homogenizer and a loose-fitting pestle with 10 strokes at 4 °C
(Figure 2).

2.5.2. Subcellular Fractionation of Liver Homogenate by Differential Centrifugation

Peroxisomes are the densest organelles among subcellular organelles and one of the
main components of the light mitochondrial fraction obtained from a homogenate by
differential centrifugation. As with most subcellular organelles, techniques for the isolation
of peroxisomes have been developed primarily through work with rat livers. The “classical”
differential centrifugation method consists of the following four steps: nuclear pellet:
600 to 1000x g for 10 min; heavy mitochondrial pellet: 3000 to 4000 g for 10 min; and
light mitochondprial fraction: 15,000 to 25,000 g for 20 min [28]. In this step, the liver
homogenate will be fractionated according to sedimentation rate to produce nuclei, heavy
mitochondria (HM), light mitochondria (LM), and light mitochondria—peroxisome (LM-P),
in which the peroxisome will be purified by iodixanol gradient ultracentrifugation [28]

The homogenate was centrifuged at 750x g for 10 min at 4 °C at a low speed to pellet
and remove unbroken hepatocytes, cell debris, blood cells, and nuclei. Then, the postnuclear
supernatant (PNS) was kept on ice, and the pellet was resuspended in approximately 10 mL
of HB and re-homogenized for a second time with 5 strokes at 4 °C and centrifuged at
750x g for 10 min at 4 °C. In this step, we obtained the second postnuclear supernatant.
The two postnuclear supernatants were combined and centrifuged at 3500 x g for 10 min at
4 °C by using a high-speed centrifuge to pellet the heavy mitochondria, which were mainly
composed of large mitochondria, large microsomal sheets, and some residual nuclei. The
pellet was drained from the postmitochondrial supernatant (PMS). This PMS was kept on
ice while the pellet was resuspended in HB with a glass rod without disturbing the blood
pellet stuck at the bottom of the tube and centrifuged again at 3500 g for 10 min at 4 °C in
a high-speed centrifuge to obtain a second PMS. The two PMS were combined from both
runs and centrifuged at 23,000 x ¢ for 20 min at 4 °C in a 50 mL polycarbonate tube using a
high-speed centrifuge to pellet the light mitochondria—peroxisome (LM-P). The supernatant
was removed, including the fluffy reddish layer that was on top of the pellet, and this pellet
LM-P was also resuspended and stirred with a glass rod until a homogeneous suspension
was obtained, and the HB was adjusted to 3 mL/g pellet. The resuspended pellet was
recentrifuged at 23,000 g for 20 min at 4 °C, and the supernatant was removed again to
obtain the final pellet LM-P, which was resuspended in HB as described above (3 mL/g
pellet) for further separation by iodixanol density gradient ultracentrifugation (Figure 2).

2.5.3. Isolation of Peroxisomes by Iodixanol Gradient Centrifugation

The frozen discontinuous iodixanol gradient was thawed at room temperature at the
final step of subcellular fractionation when prepared previously to generate a continuous
iodixanol gradient by diffusion properties. To isolate peroxisomes from the light mitochon-
drial fraction, 8 mL of LM-P fraction was layered on the iodixanol gradients (Figure 3), and
the remaining volume of the sealed ultracentrifuge tube was filled with HB, sealed, and
ultracentrifuged for 1 h:30 min at 105,000 g at 4 °C (Figure 2).
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gradients of iodixanol
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tube sealer

lf:\_ HB

- | — LM-P fraction

The ultracentrifuge tube ready for
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4

Figure 3. Loading the light mitochondria—peroxisome layer (LM-P) on the top of the continuous
iodixanol gradient before the ultracentrifugation step. Change seal to sealed.

After ultracentrifugation, three narrow but distinct bands were seen near the bottom
of the tube. The peroxisomes formed a band close to the bottom of the gradient. To collect
the individual fractions, the tubes were punctured with a needle attached to a syringe and
aspirated band by band (see Figure 4). One to three milliliters of fractions were collected
from the bottom for biochemical studies.

Fraction 1
Fraction 2

Fraction 3 (peroxisome)

N g
\Insert needle to remove air

Collection of the fractions

Iy

I

Sealed tube after
ultracentrifugation

Insert syringe to collect the fraction

A4 .

Figure 4. Collection of fractions from the sealed tube.

2.6. Enzyme Assays

Using the iodixanol gradient centrifugation did not affect enzyme activity in the
separated fractions [30]. The fractions could be used directly to perform standard spec-
trophotometric procedures. If it was essential to remove the gradient medium, the fractions
were resuspended in an appropriate buffer after diluting with an equal volume of buffer
and pelleting at 30,000 x g for 10 min [30]. The degree of purification of peroxisomes can
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be evaluated by comparing the protein content and marker enzymes of the organelles,
including catalase (peroxisomal marker), cytochrome c oxidase (mitochondrial marker),
esterase (microsomal marker), and acid phosphatase (lysosomal marker). Using the marker
enzymes and protein, we can measure some properties of the enzymes, such as the relative
specific activity, percentage of protein distribution, purification fold, and recovery yield
%. The protein was measured by the Bradford method [32], using bovine serum albumin
(BSA) as the standard, catalase [33], cytochrome c oxidase [34], esterase [35], and acid
phosphatase [36].

2.7. Determination of the Density of Purified Peroxisomal Fraction

Due to the large density difference between the peroxisomes and the other organelles,
separation can be easily accomplished using iodixanol gradients [28]. The density of the
fractions was measured using a refractometer.

2.8. Statistical Analysis

The data were analyzed by using GraphPad Prism 8 (GraphPad Inc., La Jolla, CA,
USA). Data are shown as the mean =+ standard error of the mean (mean + SEM). The
one-way ANOVA was used to assess the difference between different fractions, followed
by Turkey’s post hoc test. Differences with p < 0.05 were statistically significant.

3. Results

After subcellular fractionation of the liver homogenate by differential centrifugation,
we obtained three fractions PNS, PMS, and LM-P. In addition, three other fractions (F1, F2,
and F3-peroxisome) were obtained after loading and centrifugation of the LM-P iodixanol
gradient. Previous studies found that the peroxisomal fraction was the lowest and densest
layer in the tube after ultracentrifugation [26,27]. To confirm this, the purity of the isolated
peroxisomal fraction (F3-peroxisome) must be verified. To achieve this, it was necessary to
compare the organelle marker enzymes in the fractions we obtained during the separation
processes in both subcellular fractionation and iodixanol gradient centrifugation. Therefore,
the F3-peroxisome fraction was first compared with PNS, PMS, and LM-P to ensure the
success of the subcellular separation procedure and then compared with F1 and F2 to verify
the success of the iodixanol gradient separation.

As mentioned in the Materials and Methods section, the degree of purification of per-
oxisomes depends on the degree of contamination with other organelles. In addition, the
composition of PNS, PMS, LM-P, F1, F2, and F3-peroxisomal fractions was determined based
on the percentage distribution and the relative specific activity of the marker enzymes.

As illustrated in Figure 5, the F3-peroxisomal fraction exhibited a significant increase
(p < 0.05) in the relative specific activity of catalase compared with PNS, PMS, and LM-P
fractions. Furthermore, there was a significant decrease (p < 0.05) in the relative specific
activity of cytochrome c oxidase, acid phosphatase, and esterase in the F3-peroxisome
fraction compared with the PNS and PMS fractions. Notably, the F3-peroxisomal fraction
had a lower specific activity of cytochrome ¢ oxidase, acid phosphatase, and esterase than
LM-P without a significant difference. Furthermore, the percentage of protein distribution
in F3-peroxisome was significantly decreased (p < 0.05) compared with PNS, PMS, and
LM-P fractions (Figure 5).

Additionally, as shown in Figure 6, the F3-peroxisomal fraction was significantly
increased (p < 0.05) in the relative specific activity of catalase compared with F1 and
significantly decreased (p < 0.05) in the relative specific activity of cytochrome c oxidase,
acid phosphatase, and esterase compared with F1. However, no significant difference was
observed in the percentage of protein distribution between F1, F2, and the F3-peroxisome.



Separations 2023, 10, 306 9of 15

4 -
Catalase 2.0 >
Cytochrome ¢ oxidase
34 a,b,c
B 1.5+
& &
= =
z 2
- 1=
2 -
g g
2 ] ]
2 g 1.0
o
= z a,b
- ]
& 2
e
14 0.5
0 0.0-
PNS PMS LM-P  F3-peroxisome PNS PMS LM-P  F3-peroxisome
Fractions Fractions
= Acid phosphat
cl osphatase 1.5
phosp Esterase
Z
1.0+ B
E z 109 a
= a,b ]
= E]
g {-N
= -
£ o
< 0.5+ £
= 3 057
&
0.0~
PNS PMS LM-P F3-peroxisome 0.0-
PNS PMS LM-P  F3-peroxisome
Fractions Fractions
100
a,b,c
80+
=
8
5
2
-
PNS PMS LM-P  F3-peroxisome
Fractions

Figure 5. The relative specific activity of organelle marker enzymes and percentage of protein
distribution in fractions. Postnuclear supernatant (PNS); postmitochondrial supernatant (PMS);
light mitochondria containing peroxisomes (LM-P); fraction 3-peroxisome (F3-peroxisome). Data
are expressed as means + SEM, n = 6. a: p < 0.05 F3-peroxisome vs. PNS; b: p < 0.05 F3-peroxisome
vs. PMS; ¢ p < 0.05 E3-peroxisome vs. LM-P. Relative specific activity: % of specific activity in
the fraction/% of the protein in the same fraction; protein %: protein content of each fraction/total
protein of the homogenate multiplied by 100.
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Figure 6. The relative specific activity of organelles marker enzymes, percentage of protein distribu-
tion, and density of fractions obtained from the iodixanol gradient centrifugation step. Fraction one
(F1); fraction two (F2); fraction 3-peroxisome (F3-peroxisome). Data are expressed as means + SEM,
n = 6. a: p < 0.05 F3-peroxisome vs. F1; b: p < 0.05 F3-peroxisome vs. F2. Relative specific activity: %
of specific activity in the fraction/% of the protein in the same fraction; Protein %: protein content of
each fraction/total protein of the homogenate multiplied by 100.
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After the purification steps, the purification fold was used to measure the increase
in enzyme purity. As shown in Table 2, the purification fold of catalase was 1.00 in the
homogenate and then increased significantly (p < 0.05) to 1.06, 1.17, 1.18, and 2.24 in the
PNS, PMS, and LM-P fractions and in the F3-peroxisome after subcellular fractionation and
iodixanol centrifugation, respectively. This means that the F3-peroxisomal fraction showed
the highest purification fold of catalase compared with the other fractions. However, the
degree of purification of cytochrome c oxidase, acid phosphatase, and esterase gradually
decreased in the PNS, PMS, LM-P, and F3-peroxisomal fractions during subcellular fraction-
ation and iodixanol centrifugation. Moreover, F3-peroxisome had a significant reduction
(p < 0.05) in the purification fold of cytochrome c oxidase and acid phosphatase compared
to the other fractions.

Table 2. Properties of organelle marker enzymes in the fraction obtained by both subcellular fraction-
ation and iodixanol gradient centrifugation.

Catalase Cytochrome ¢ Oxidase Acid Phosphatase Esterase
PF Y% PF Y% PF Y% PF Y%
Fractions

H 1.00 £ 0.00 100 4 0.00 1.00 + 0.00 100 £ 0.00 1.00 £ 0.00 100 4 0.00 1.00 + 0.00 100 £ 0.00
PNS 1.06 £ 0.03 106 4+ 2.25 1.19 £ 0.07 98.2 +4.35 1.06 £ 0.04 88.32 - 4.62 1.01 £ 0.04 96.5 +1.85
PMS 1.17 £+ 0.02 112 +£1.91 0.84 +0.11 61 +2.11 0.95 + 0.03 90.3 +3.17 0.94 +0.01 89.2 +1.24
LM-P 1.18 £+ 0.02 112 +1.33 0.78 4+ 0.02 76 +1.77 0.83 £ 0.06 79.7 £ 4.09 0.90 4+ 0.03 86.4 +2.45
. 2.24 +0.10 181 +5.30 0.62 +0.02 55+ 1.87 0.68 + 0.04 59.7 + 3.40 81.2 +3.78

F3-perox1some ab,c,d ab,cd ab,c ab,c,d ab,c ab,cd 0.86 4 0.05 ab,cd

Data are expressed as means = SEM, n = 6. a: p < 0.05 F3-peroxisome vs. H; b: p < F3-peroxisome vs. PNS; c:
p < 0.05 F3-peroxisome vs. PMS; d: p < 0.05 F3-peroxisome vs. LM-P. Homogenate (H); postnuclear supernatant
(PNS); postmitochondrial supernatant (PMS); light mitochondria containing peroxisomes (LM-P); fraction 3-
peroxisome(F3-peroxisome). PF (purification fold) is the ratio of the specific activity in the fraction after purification
to the specific activity of the homogenate. Y% (recovery yield) is calculated by dividing the enzyme activity in
fractions by the total activity in the homogenate multiplied by 100.

Percentage yield (Y%) is one of the purification parameters that measures the enzyme
activity that was conserved in the purified sample. Table 2 shows the Y% of catalase,
cytochrome c oxidase, acid phosphatase, and esterase in the PNS, PMS, and LM-P fractions
and F3 peroxisome fractions. Before the purification steps, the Y% of enzymes in the
homogenate (H) was 100%, but this value may be increased or decreased depending on the
enzyme to be separated and the separation method used. In this protocol, the Y% of catalase
was significantly increased in the F3-peroxisomal fraction compared to the homogenate
and the other fractions (p < 0.05). At the same time, the Y% of cytochrome c oxidase, acid
phosphatase and esterase were significantly decreased (p < 0.05).

Iodixanol is a density gradient medium (density of 1.32 g/mL) used to isolate or-
ganelles, macromolecules, viruses, or cells. In this protocol, iodixanol was used as a density
gradient to isolate and purify peroxisomes. As illustrated in Figure 6, the F3-peroxisomal
fraction was the densest fraction after ultracentrifugation. The F3-peroxisome density was
1.26, while the F1 and F2 densities were 1.24 and 1.25, respectively. Thus, the density of the
F3-peroxisome was significantly increased (p < 0.05) compared to the F1 and F2 fractions.

4. Discussion

Peroxisomes are the main metabolic organelles that contain many biochemical pro-
cesses and metabolic pathways that help eukaryotic organisms perform various phys-
iological functions [37]. Any reduction in those functions leads to severe peroxisomal
diseases. Recently, it has become increasingly clear that impairment of peroxisomal func-
tions contributes to many widespread diseases such as cancer, viral infections, diabetes,
and neurodegeneration [16]. The isolation of peroxisomes is an essential technology for
characterizing the components of peroxisomes and their function. Most eukaryotic cells
contain peroxisomes as cellular organelles and are found in high density in the liver and
the kidneys [15]. Since 1986, all peroxisome isolation procedures have been performed on
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fresh organs (especially rat liver) [26-28,30]. In this protocol, we isolated peroxisomes from
frozen rat liver for the first time. Our protocol for isolation and purification of peroxisomes
from the frozen liver was based on two main steps: subcellular fractionation by differential
centrifugation and iodixanol density gradient centrifugation, which follows previous proto-
cols, with some significant modifications [27,28]. The objective of this protocol is to purify
peroxisomes without detectable contamination by other organelles such as mitochondria,
microsomes, and lysosomes.

The relative specific activity of the marker enzymes was used to determine the purity
of the peroxisomal fraction [17]. Catalase is the classical marker enzyme of peroxisomes
that decomposes H,O, and is the most common protein in the peroxisome matrix [38,39].

As shown in Figures 5 and 6, the relative specific activity of catalase was significantly
increased in the purified fraction (F3-peroxisome) compared with the other fractions (PNS,
PMS LM -P, F1, and F2) obtained by differential centrifugation and iodixanol density gradi-
ent centrifugation. On the other hand, the relative specific activity of cytochrome c oxidase,
acid phosphatase, and esterase, which are markers for mitochondria, lysosomes, and mi-
crosomes, respectively, was significantly decreased in the F3-peroxisome. In addition, the
protein distribution in the fractions was reduced after fractionation and centrifugation,
and the final protein percentage was significantly reduced in the F3-peroxisome compared
with PNS and PMS LM-P, indicating that the separation and purification process was
successful. It is noteworthy that the F3-peroxisome had a higher protein level than F1 and
F2, which can be due to the use of iodixanol that increases the density of the peroxisome,
and subsequently lead to the concentration of the catalase (the abundant protein in the per-
oxisome). Based on the protein distribution and relative specific activity, we can conclude
that the F3-peroxisome is the purest fraction, which has a large number of peroxisomes
compared to the other fractions, and these results are in agreement with the results of other
studies [28,30,40].

After the purification steps, the purification fold was used to measure the increase in
enzyme purity, with increasing values indicating increasing purity [41]. In our result, we
found that the purification fold of the catalase enzyme was significantly increased after the
last purification step, especially in the F3-peroxisomal fraction, while it was significantly
reduced in PNS and PMS LM-P. Moreover, the purification fold of cytochrome c oxidase,
acid phosphatase, and esterase decreased at each step of isolation and purification in all
fractions, including PNS, PMS LM-P, and F3-peroxisome. This suggests that catalase was
the purest enzyme in all the fractions, especially in the F3-peroxisome, which is consistent
with a previous study [42]

To assess the quality of the preparation and the reproducibility of the procedure, it is
important to calculate the recovery and purity of the peroxisomes based on an assay of their
marker enzymes [17,20]. The quantity of recovered protein or enzyme obtained is essential
when evaluating the effectiveness of enzyme purification. Therefore, the research goal is to
preserve as much of the target protein as possible. One of the purification characteristics
is percentage recovery yield, which estimates how much enzyme activity was obtained
in the purified sample. The recovery yield of catalase gradually increased with each step
and fraction, while it gradually decreased for cytochrome ¢ oxidase, acid phosphatase, and
esterase. F3-peroxisome had the highest percentage of recovery yield compared to PNS
and PMS LM-P.

As mentioned previously, peroxisomes are the densest organelles located near the
bottom of the gradients [26]. In this protocol, iodixanol was the gradient medium used to
increase the intensity of the peroxisome [26,27]. In iodixanol, peroxisomes are the densest
organelles in the light mitochondrial fraction and are easily separated from other com-
ponents (lysosomes, mitochondria, etc.). In our results, the density of the F3-peroxisome
fraction was significantly increased compared to the fractions F1 and F2 after the iodixanol
gradient centrifugation step, which is in agreement with previous studies [26,27,30,40].



Separations 2023, 10, 306 13 of 15

5. Conclusions

From the profiles of the marker enzymes, the main peroxisomal fraction (F3-peroxisome)
contains very little contamination from other subcellular fractions. These data conclusively
demonstrate that frozen liver samples can serve as an alternative for the isolation of
peroxisomes. In general, it is also possible to isolate other subcellular organelles from
frozen samples using the procedure described here. These isolated peroxisomes can be
used to study peroxisomal abnormalities and can also be used for basic biological and
medical studies. Shortcomings of this protocol include the lengthy procedure and the
high level of accuracy required for the loading system to manually prepare the continuous
iodixanol gradient media from the discontinuous one.
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