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The effect of thyroid hormones (TH) on metabolism and energy balance relies on their impact on lipid storage 
in adipose tissue (AT). Since peroxisomes play a key role in lipid metabolism in white AT, hypothyroidism may 
critically influence peroxisome population/dynamics. This study aimed to determine depot- and time-dependent 
effects of methimazole-induced hypothyroidism on peroxisome biogenesis and remodeling in rat white AT. 
Hypothyroidism was induced using 0.04% methimazole over 7, 15, or 21 days. We show that hypothyroidism 
affects peroxisome biogenesis in subcutaneous AT (SAT) and visceral AT (VAT) (mesenteric-mVAT, retroperi-
toneal-rVAT and gonadal-gVAT) in a depot-specific manner. Firstly, although a gradual increase in peroxisomal 
number is present in all of the AT depots examined, the time course differs. Secondly, according to ultrastruc-
tural and protein expression analyses of Pex11β, Pex19, and PPARα, biogenesis pathways are switching from 
canonical to de novo pathway in hypothyroidism, again distinctively across particular depots. Furthermore, this 
is accompanied by the emergence of unusual peroxisomal structures (pexopodium) infiltrating lipid bodies in 
VAT. The absence of acyl-coenzyme A oxidase 1 (ACOX1) suggests that such structures may develop as a con-
sequence of uncoordinated oxidation of accumulated fatty acids in VAT. The presence of pexopodium was 
increased from day 15 of hypothyroidism in mVAT. However, this increase was transient in rVAT and gVAT, 
indicating different peroxisomal dynamics between VAT depots during the monitored period of induction. 
Pexopodium-like structures were not observed in SAT. Our results identify peroxisomal remodeling as a previ-
ously underappreciated component of adipose tissue plasticity in hypothyroidism. Discrete temporal and depot-
specific responses, including the formation of pexopodia in VAT, underscore the functional heterogeneity of 
white AT depots and suggest that peroxisomal dynamics may contribute to regional metabolic vulnerability 
under thyroid hormone deficiency over the time. 
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Introduction 
Thyroid hormones play an essential role in metabolic home-

ostasis and energy expenditure. Their deficiency (hypothyroidism), 
causes a broad spectrum of physiological changes, most notably 
disruption of lipid metabolism.1,2 Prolonged hypothyroidism 
induces white adipose tissue (AT) dysfunction, particularly impact-
ing visceral AT (VAT),3 which contributes to ectopic lipid deposi-
tion and dyslipidemia.4 Thus, enhanced insight into the regulation 
of lipid storage and oxidation in white AT is critical for preventing 
metabolic complications associated with hypothyroidism.5-7 

Peroxisomes are involved in the synthesis of triacylglycerols 
and ether lipids as well as fatty acid oxidation in white AT. 
Simultaneously, peroxisomes produce important lipid and redox 
signaling molecules, synchronizing lipid release through fatty acid 
metabolism and adipogenesis.8-10 In addition, distinct white AT 
depots have unique profiles regarding adipogenesis, adipocyte 
size,11,12 lipolysis,13 glucose uptake, oxidation, and incorporation in 
triacylglycerols,14 as well as oxidative and antioxidant capacity,15 
both under basal conditions and in response to dietary and hormon-
al changes. Hence, peroxisomes also exhibit dynamic, depot-spe-
cific regulation of redox homeostasis and adipocyte metabolism10, 
and their changing numbers, occurrences, and localizations over 
time likely reflect the pathophysiological response of white AT in 
hypothyroidism.5-7 In particular, hypothyroidism causes a 2.4-fold 
decrease in peroxisomal β-oxidation in the subcellular fraction of 
white AT (epididymal and perirenal depots).16 

Peroxisomal biogenesis and maturation are mediated by a fam-
ily of proteins known as peroxins. Although evolutionally con-
served, these proteins exhibit species-specific characteristics. In 
rodents, Pex11β coordinates peroxisome proliferation,17 while 
Pex19 is crucial for both the division of pre-existing peroxisomes 
and the de novo formation of peroxisomes from the endoplasmic 
reticulum.18 In this manner, Pex11β and Pex19 characterize the two 
established pathways of peroxisomal biogenesis: the de novo path-
way and the canonical pathway from pre-existing peroxisomes. 

The peroxisome proliferator activated receptor alpha (PPARα) 
is a transcription factor that plays a key role in the regulation of 
lipid metabolism. It is the crucial control point impacting fatty acid 
uptake, fatty acid activation, intracellular fatty acid binding, mito-
chondrial and peroxisomal fatty acid oxidation, triacylglycerol 
turnover, and lipid droplet biology.19 Furthermore, recent data 
emphasize the key role of peroxisomal β-oxidation in sensing 
PPARα-dependent lipid and energy metabolism.20 In this context, 
PPARα acts as a lipid-sensing transcriptional hub that integrates 
fatty acid flux with peroxisomal abundance.21 Upon activation, 
PPARα not only induces the enzymatic machinery of peroxisomal 
β-oxidation, including acyl-CoA oxidase 1 (ACOX1),22,23 but also 
promotes peroxisome proliferation through transcriptional regula-
tion of genes involved in membrane remodeling and organelle 
dynamics, particularly members of the PEX11 family.24,25 
Moreover, components of the peroxisomal biogenesis machinery 
are transcriptionally responsive to PPARα signaling, further link-
ing lipid sensing to the canonical pathway of peroxisome biogene-
sis.26 Through this coordinated regulation of metabolic enzymes 
and peroxisomal biogenic factors, PPARα aligns organelle oxida-
tive capacity with cellular lipid availability and energetic demand. 
Notably, PPARα tissue expression is ubiquitous, although not uni-
form. PPARα is predominantly expressed in tissues with high rates 
of fatty acid catabolism, and is comparatively low in white AT 
depots.27,28 This inherently low PPARα expression in white AT 
becomes particularly relevant under hypothyroid conditions. 

Subcutaneous AT (SAT) and VAT display distinct divergence 

in organelle-level remodeling during various metabolic changes, 
which underlie their different roles in metabolism and disease 
risk.29,30 Although peroxisomes are well-established as key 
organelles in lipid metabolism and redox regulation in 
adipocytes,11 and they interact directly with mitochondria and lipid 
bodies to influence metabolic remodeling, understanding of how 
these interactions differ specifically between SAT and VAT 
remains limited. 

Our study aimed to investigate the impact of hypothyroidism 
on the peroxisomal population in the SAT and different VAT depots 
(mesenteric-mVAT, retroperitoneal-rVAT and gonadal-gVAT). To 
this end, we investigated peroxisome biogenesis at the ultrastruc-
tural level and tracked the expression of key peroxisomal biogen-
esis proteins Pex11β and Pex19 and transcriptional factor PPARα, 
in rats during methimazole-induced hypothyroidism. 

 
 

Materials and Methods 

Animals and experimental design 
Two-month-old male Wistar rats (330±30 g) were maintained 

under 22±1°C and 12 h light/dark cycles with ad libitum access to 
standard pelleted food. Animals were divided into four groups, 
each consisting of 8 animals. To induce hypothyroidism, three 
groups of animals were administered 0.04% methimazole 
(Methimazole crystalline M8506; Sigma Aldrich Chemie GmbH, 
Taufkirchen, Germany) via their drinking water for 7, 15, or 21 
days. This treatment led to a decrease in serum triiodothyronine 
and thyroxine concentrations by 2-fold and 5 to 6-fold, respective-
ly, and increase in thyroid-stimulating hormone level by 5 to 6-
fold.31 The fourth group of tap-water-drinking animals served as 
the euthyroid control. At the end of the experiment, animals were 
sacrificed using a decapitator (Harvard Apparatus, Holliston, MA, 
USA), and depots of white AT were isolated and processed for 
microscopy and Western blot. The experiment has been conducted 
under the authorization of the Ethic Committee for the treatment of 
experimental animals of the Faculty of Biology at the University of 
Belgrade and by the Veterinary Directorate of the Ministry of 
Agriculture and Environmental Protection of the Republic of 
Serbia, with the document no. 323-07-07505/20l5-05/4). 

Transmission electron microscopy 
Small parts of SAT depo and VAT depots (rVAT, rVAt and 

gVAT) immediately after dissection were fixed with 2% glu-
taraldehyde/2% paraformaldehyde in 0.1 M Sørensen phosphate 
buffer (PB), pH 7.2 for 1h at 4°C. After fixation, tissue was rinsed 
in PB and then preincubated in 0,1% 3, 3’- diaminobenzidine 
(DAB) in PB for 30 minutes, for peroxidase staining.32 Then, 
0.01% H2O2 was added to the preincubation medium and incubated 
for 1h at 37°C. After washing in PB, tissue was postfixed in 2% 
osmium tetroxide in the same buffer, then routinely dehydrated and 
embedded in Araldite. Other portions of the same SAT and VAT 
depot samples were routinely fixed in 2.5% glutaraldehyde in 0.1 
M Sørensen PB for 1h at 4°C, postfixed in 2% osmium tetroxide 
in the same buffer, and routinely dehydrated and embedded in 
Araldite. Ultra-thin sections of white AT depots were obtained 
using a Leica UC6 ultramicrotome (Leica Microsystems, Wetzlar, 
Germany) and mounted on copper grids. Sections were examined 
on a Philips CM12 transmission electron microscope (Philips/FEI, 
Eindhoven, The Netherlands) equipped with the digital camera SIS 
MegaView III (Olympus Soft Imaging Solutions, Münster, 
Germany). 
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Morphometric analyses 
For each experimental group (N = 8), we used a digital cam-

era SIS MegaView III (Olympus Soft Imaging Solutions) to cap-
ture electron microscopic images of 19 randomly selected white 
adipocytes at 17,000× magnification. We selected all white 
adipocytes to include both the nuclear and cytoplasmic areas. To 
overcome variations in white adipocyte size when quantifying 
peroxisomes, DAB-positive organelles were counted per cell area 
(μm2), and subsequently normalized to a 100 μm2 area. 

Immunogold labeling 
Ultra-thin sections of white AT depots routinely prepared for 

electron microscopy examination were obtained using a Leica 
UC6 ultramicrotome (Leica Microsystems) and mounted on 
nickel grids. After antigen retrieval in 10mM citrate buffer and 
incubation with 5% BSA in Tris-buffered saline/0.1% Tween 20 
(TBS-T) for 1h at room temperature, grids were incubated 
overnight at 4°C with primary anti-ACOX1 antibody (1:50, 
ab184032). After rinsing in TBS-T, grids were incubated with 20-
nm gold-conjugated anti-rabbit secondary antibody (1:20, 
ab27237), for 1h at room temperature, rinsed in TBS-T and dou-
ble-distilled water, air-dried, and examined with a Philips CM12 
transmission electron microscope (Philips/FEI, Eindhoven, The 
Netherlands). The specificity of the immune reactions was tested 
by omitting the primary antibody. 

Western blotting 
After decapitation, the right portion (rVAT, gVAT) or half 

portion (SAT, mVAT) of tissues was frozen immediately. Tissues 
were prepared according to Jankovic et al33, and protein content 
was estimated.34 The number of analyzed animals per group is 
N=3. Primary antibodies against: peroxisomal biogenesis factors 
11β (Pex11β; 1:1000, ab74507), and 19 (Pex19; 1:2000, 
ab137072), PPARα (1:2000, ab8934) and β-actin (1:2000, 
ab8226) were purchased from Abcam (Cambridge, UK). 
Immunoreactive bands were quantified using ImageJ software 
(NIH, Bethesda, USA) and normalized against β-actin. The vol-
ume represents the sum of all pixel intensities within a band, and 
1 pixel = 0.007744 mm2. We averaged the ratio of pixels per band 
for the target protein in corresponding samples from three similar 
independent experiments. 

Statistical analysis 
All obtained data were analyzed by the software GraphPad 

Prism (GraphPad Prism, Version 8.4.3, San Diego, CA, USA). 
Normal distribution was tested by D’Agostino and Pearson’s nor-
mality test. Analysis of variance with multiple comparisons 
(One-way ANOVA) with Dunnett’s post hoc tests was used for 
evaluating the differences between groups. Results are expressed 
as mean ± SD of obtained values, and significances were set at 
p<0.05. 

Results 

Hypothyroidism instigates changes in peroxisome 
biogenesis in both SAT and VAT in a depot-specific 
manner 

DAB-labeled peroxisomes were used to investigate peroxiso-
mal abundance in white AT depots over the course of hypothy-
roidism. Thorough examination of electron micrographs and per-
oxisome quantification demonstrated an increase in peroxisomal 
number over the time in all analyzed white AT depots, yet with evi-
dent differences (Figure 1, Table 1). rVAT and gVAT of euthyroid 
controls exhibited a higher number of peroxisomes compared to 
mVAT and SAT controls. Hypothyroidism rapidly induced an 
increase in peroxisome number in all SAT and VAT depots (day 7). 
In gVAT, the number continued to rise steadily throughout the 24-
day treatment, whereas in mVAT, rVAT and SAT, the changes were 
irregular. In all of the examined depots (SAT and VAT), peroxi-
some biogenesis predominantly proceeded via the canonical path-
way, characterized by growth and division of existing elongated 
peroxisomes, as presented in Figure 2. However, hypothyroidism 
also activated the de novo pathway, characterized by peroxisomal 
budding from endoplasmic reticulum, in rVAT and gVAT, although 
in a different manner. In gVAT, the de novo pathway was observed 
only on day 7, while rVAT showed a more complex pattern. In 
rVAT, the de novo pathway was already functional in euthyroid 
control and was further enhanced by hypothyroidism, causing a 
time-dependent increase in peroxisomal number with the peak at 
day 15 (Figure 2). As peroxisomal biogenesis and/or functions 
require specific structural cooperation with endoplasmic reticu-
lum, mitochondria or lipid body, we analyzed peroxisomal locali-
sation within the cells. As expected, peroxisomes were located 
close to lipid body independently of either treatment or examined 
depots (SAT and VAT) (Figure 3). Additionally, they were often 
attached to mitochondria (Figure 3). Regarding the endoplasmic 
reticulum, its prominent presence was expectedly observed only in 
rVAT and in gVAT on day 7 as a consequence of de novo peroxiso-
mal biogenesis (Figure 3, rVAT, gVAT). 

Hypothyroidism modifies the expression of perox-
ins Pex11β and Pex19 in white AT depots 

To understand peroxisomal biogenesis in AT in hypothyroidism, 
we assessed the protein levels of key peroxins, involved in peroxiso-
mal proliferation (Pex11β) and membrane assembly (Pex19) (Figure 
4). In general, hypothyroidism increased protein expression of both 
Pex11β and Pex19 in all examined AT depots, with differences 
observed over the time. In SAT, mVAT and gVAT, an increase in 
Pex11β level was evident after 7 days of treatment, while in rVAT, it 
was delayed (Figure 4). On the contrary, an increase in Pex19 
expression took longer in all depots except mVAT (day 7). 

                 Article

Table 1. The average peroxisome number per 100 μm2 area of white adipocytes. 

Depot                            Control                                                M7                                                M15                                               M21 

SAT                                 3.188±0.274                                         5.395±0.674***                                   4.853±0.468***                                   6.836±0.721*** 
mVAT                              2.404±0.612                                         6.891±0.780***                                   6.535±0.804***                                   8.242±1.020*** 
rVAT                                3.891±0.590                                         5.943±0.831***                                   5.717±0.784***                                   6.233±0.771*** 
gVAT                               4.812±0.592                                         6.464±0.932***                                   9.821±1.437***                                  10.894±1.652*** 

Mean values ± SD are represented. *Compared to the control value; ***p<0.001. 



                                                                                                                              Article

Figure 1. Representative electron micrographs of cytochemical labeled peroxisomes in SAT and VAT depots of white AT. Peroxisomes 
(arrow) were stained by DAB in white AT from control and hypothyroid rats treated with methimazole for 7, 15, or 21 days. Insets: mag-
nified area with DAB-positive peroxisome. Scale bar: 2 µm; insets, 250 nm.

Figure 2. Peroxisome biogenesis in white adipocytes by de novo pathway and by the canonical pathway through growth and division. 
Representative electron micrograph with DAB-labeled peroxisomes in white adipocytes cytoplasm of VAT depots. De novo pathway (in 
gVAT on day 7 and in rVAT on day 15) is characterized by several interconnected peroxisomes (arrowhead) originating from endoplasmic 
reticulum. Canonical pathways present in all examined depots begins with the formation of a membrane protrusion followed by peroxi-
somal elongation and division (arrow). Scale bar: 250 nm.
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Figure 3. Localization of peroxisomes in white adipocytes after 7 days of methimazole treatment (first row). Peroxisomes (first row, 
arrow) are predominantly located adjacent to the lipid body (lb) or in their vicinity. Additionally, they are often attached to mitochondria 
(m). Magnified representative area (second row) shows contact (arrow) between peroxisome with mitochondria (m), lipid body (lb), or 
endoplasmic reticulum (er), respectively. Scale bar: first row, 1μm; second row, 500 nm.

Figure 4. Protein expression of Pex11β and Pex19 in SAT and VAT depots of white AT from control (white) and hypothyroid (grey) groups 
treated with methimazole for 7, 15, or 21 days. Data shown represent the average values of target protein bands normalized against those 
of beta-actin, along with their representative blots (n=3 per group). *p<0.05, **p<0.01, ***p<0.001.
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Hypothyroidism modifies PPARα protein  
expression differently in SAT and depots of VAT 

PPARα basal expression was significantly higher in SAT and 
mVAT than in other VAT depots, and hypothyroidism did not cause 
any change in its expression (Figure 5). However, there was a sig-
nificant increase in PPARα level in rVAT and gVAT during 
hypothyroidism. In gVAT, this increase was transient, occurring 
only on day 7 of treatment. 

Hypothyroidism causes the emergence of a  
pexopodium-like structure in VAT but not in SAT 

Numerous structures resembling peroxisomal protrusions – 
pexopodium were observed in all VAT depots, but not in a SAT 
(Figure 6). These pexopodium-like structures were visible toward 
the lipid body’s interior in adipocytes with noticeable differences 
between different depots of VAT. The pexopodium-like structures 
(arrowhead) appeared only in visceral depots, in mVAT and rVAT 
from day 15 of hypothyroidism, and on day 21 in gVAT. They were 
DAB positive, larger than peroxisomes, and had a semi-spherical 
form (Figure 6). It has been assumed that they represent exten-
sion(s) of preexisting peroxisomes that enter the lipid bodies.35 
Additionally, they increase the contact surface of peroxisomes with 
lipid bodies due to the increased rate of lipolysis and provide more 
free fatty acids for oxidation. 

Knowing the aforementioned role of pexopodium and giving 
their localization in lipid body and association with peroxisomes 
observed herein, we applied immunogold labeling of ACOX1, the 
first and rate-limiting enzyme in the peroxisomal β-oxidation path-
way.36 The labeling was performed at the time point and VAT depot 
with the highest appearance of the pexopodium-like structure 
(rVAT, M15). ACOX1 was found only in peroxisomes (arrows), 
while pexopodium-like structures did not show any immunoposi-
tivity (arrowhead) (Figure 7 A-D). However, some ACOX1 
immunopositive peroxisomes were associated with pexopodium-
like structures (Figure 7D, circle). 

Discussion 
This research provides new insights into depot-specific and 

time-dependent peroxisomal dynamics in white AT depots during 
methimazole-induced hypothyroidism in rats. Our findings 
demonstrate that methimazole treatment drives coordinated, but 
heterogeneous responses across white AT depots involving 
Pex11β/Pex19 and PPARα, which mediate an increase in peroxi-
some abundance over the course of treatment. Additionally, elec-
tron microscopy revealed distinct, depot-specific peroxisomal ori-
gins and the emergence of specific peroxisomal structures known 
as pexopodia. Although the role of these unique pexopodium-like 
structures in lipid oxidation has been proposed, our analysis of 
ACOX1 immunolocalization does not support their direct involve-
ment in β-oxidation. Instead, the findings suggest that these struc-
tures reflect altered/aberrant fatty acid metabolism characteristic of 
hypothyroid conditions. These findings are discussed in detail 
below. Peroxisome-specific DAB labeling revealed a significant 
increase in peroxisome numbers in adipocytes of all analyzed AT 
depots. Further ultrastructural analysis demonstrated that peroxiso-
mal biogenesis in both SAT and VAT depots occurs via two com-
mon pathways: the canonical, by growth and division, and the de 
novo, by budding from the smooth endoplasmic reticulum. The pri-
mary pathway in white AT depots is the canonical pathway. 
However, a clear depot- and time-dependent divergence was 
observed in the activation of these pathways. 

Pex11β, the constitutively expressed isoform of the Pex11 
family, regulates peroxisome proliferation and controls their mor-
phology, size, and number.37-42 It is the major peroxin that drives 
the canonical pathway of peroxisome biogenesis,43 while Pex19 is 
a multifunctional protein essential for assembly of the peroxisomal 
membrane and import of peroxisomal membrane proteins.44 In 
addition to its role in the canonical pathway, Pex19 has also been 
shown to play a role in de novo biogenesis. It is required for the 
budding of pre-peroxisomal vesicles from the endoplasmic reticu-

Figure 5. Protein expression of PPARα in SAT and VAT depots of AT from control (white) and hypothyroid (grey) groups treated with 
methimazole for 7, 15, or 21 days. Data shown represent the average values of target protein bands normalized against those of beta-actin, 
along with their representative blots (n=3 per group). *p<0.05.
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lum.45 Our investigation revealed a time-course increase in the 
expression of Pex11β and Pex19 in all white AT depots, pointing 
to the gradual peroxisomal biogenesis in white AT of hypothyroid 
rats. SAT and mVAT showed an early increase in Pex11β expres-
sion and predominantly relied on peroxisome division, whereas 
visceral depots, particularly rVAT and gVAT, exhibited delayed 
induction of Pex11β (in rVAT) and Pex19 (in gVAT), suggesting 
depot-specific temporal differences in the mechanisms regulating 
peroxisomal expansion. 

In addition, de novo peroxisome biogenesis from the endoplas-
mic reticulum was ultrastructurally detected in both rVAT and 
gVAT, but at distinct, non-coincident time points of hypothy-
roidism, while in SAT and mVAT depots, de novo peroxisome bio-
genesis was not observed at all. These findings provide strong evi-
dence for depot-specific alterations in peroxisome biogenesis trig-
gered by hypothyroidism in white AT. The differences among dis-
tinct VAT depots are more pronounced than those observed 
between SAT and VAT. The significance of depot-specific varia-
tions in white AT during hypothyroidism remains undetermined. 
Peroxisome de novo biogenesis often involves increased Pex19 
expression, but this pattern is not universal across all white AT 
depots, as shown by comparing inguinal and gVAT depots. 
Namely, cold exposure increases Pex19 expression in the inguinal 
depot but not in the gVAT depot.46 

Peroxisomes closely interact with lipid bodies - dynamic, sin-
gle phospholipid-monolayer organelles - to regulate cellular lipid 
homeostasis.47-49 Specifically, the peroxisome bilayer and the lipid 
body monolayer may undergo hemifusion at points of physical 
contact to promote fatty acid transfer between these compartments. 
Consistent with their functional coupling, we observed close per-
oxisome-lipid body contacts across all examined time points. 
Within this context, a major finding of this study is the identifica-
tion of pexopodium-like structures - peroxisomal extensions bridg-
ing to lipid bodies - which are uniquely present in visceral white 
adipocytes. While pexopodium structures were observed in VAT at 
various time points in the hypothyroid state, these structures were 
not present in SAT. This indicates a depot-specific structural adap-
tation of peroxisome-lipid droplet interactions, restricted to VAT 
under hypothyroid conditions. 

Close physical contact between peroxisomes and lipid bodies 
is well documented in mammalian, yeast, and plant cells.50-55 
Detailed immunocytochemical and ultrastructural analyses have 
shown that, depending on the species and conditions, peroxisomes 
form DAB-positive, hemispherical membrane projections termed 
pexopodia,52,56 peroxules57,58 or gnarls52 that enter the lipid body 
core. However, despite these observations in other experimental 
systems, the emergence and functional role of such structures in 
adipose tissue remain poorly understood. The presumed role of 

                 Article

Figure 6. Presence of unusual pexopodium-like structures (arrow) that invaded lipid body’s (lb) interior from their very surface was 
observed in white adipocytes. Pexopodium-like structures appeared in all VAT depots but not in the SAT depot. Representative electron 
micrographs from rVAT. Box represents magnified area. m-mitochondria. Scale bars: 2.5 μm and 5 μm.
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these structures may be to increase the surface contact between 
peroxisomes and lipid bodies as shown in some studies,35 resulting 
in accelerated lipolysis and increased free fatty acid availability for 
oxidation.52 

Accordingly, an increase in PPARα protein levels was 
observed after 15 and 21 days of hypothyroidism in rVAT, i.e., 
after 7 days in gVAT, supporting the presumed role of pexopodia 
formation in fatty acid transfer and/or oxidation.59 As the increase 
in PPARα was detected exclusively in adipose depots and coincid-
ed temporally with the presence of pexopodia, both features may 
reflect a common response of these AT depots characterized by 
enhanced fatty acid turnover, transport, and/or oxidation. 
However, further characterization of pexopodia through ACOX1 
expression indicates that pexopodia, together with the observed 
elevated PPARα expression, may instead reflect an aberrant fatty 
acid oxidative VAT phenotype in hypothyroidism. Thus, to further 
characterize pexopodium-like structures, we examined ACOX1, 
the initial and rate-limiting enzyme of peroxisomal β-oxidation,36 
at its maximum level of manifestation in rVAT. Although ACOX1 
was present in white adipocytes’ peroxisomes, the pexopodium-
like structures showed no immunogold-positivity. These results 
suggest that pexopodium-like structures are likely not involved in 
the β-oxidation of fatty acids, but potentially act as a depot for fatty 

acids and/or other lipid metabolites. Detailed profiling of enzymat-
ic pathways involved in peroxisomal fatty acid α-oxidation and 
lipid synthesis should reveal the mechanisms and pathophysiolog-
ical relevance of unusual peroxisomal structures in hypothyroid  
Our study demonstrates that SAT and VAT depots respond to 
hypothyroidism in distinct manner. SAT exhibited an early, divi-
sion-driven increase in peroxisomes, while VAT depots responded 
later, using division followed by de novo biogenesis. This was 
accompanied by the appearance of pexopodium-like structures 
infiltrating lipid bodies at different time points, highlighting dis-
tinct functional peroxisomal differences within VAT depots during 
hypothyroidism. 

The observed depot- and time-dependent variations in peroxi-
some appearance and formation, may provide a potential explana-
tion for the location-specific responses of adipocytes to hypothy-
roidism. Importantly, this study expands current knowledge by 
revealing that white AT exhibits varied peroxisomal remodeling 
adaptations to hypothyroidism, rather than a uniform response. By 
identifying depot-specific structural and molecular adaptations of 
peroxisomes (peroxisome vs pexopodium-like structures, different 
biogenesis pathways, etc.), this study suggests a novel conceptual 
model for interpreting how thyroid-related metabolic imbalances1-

7 are driven by fat tissue heterogeneity. 

                                                                                                                              Article

Figure 7. Immunogold labeling of ACOX1 in the rVAT adipocytes (A-G) after 15 days of methimazole treatment. While peroxisomes 
(arrow) are loaded with ACOX1, pexopodium-like structures (arrowhead) remain unlabeled. In some cases, an ACOX1-labeled peroxi-
some is associated with pexopodium-like structures (D, circle, arrowhead). nc, negative control; lb, lipid body. Scale bars: A-D) 1 µm; 
E,G) 100 nm.
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