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Abstract 

Hepatic thioredoxin domain-containing 5 (TXNDC5) is a member of the protein disulfide isomerase family found associated with anti-steatotic properties 

of squalene and located in the endoplasmic reticulum and in lipid droplets. Considering that the latter are involved in hepatic squalene accumulation, the 

present research was aimed to investigate the role of TXNDC5 on hepatic squalene management in mice and in the AML12 hepatic cell line. Wild-type 

and TXNDC5-deficient (KO) mice were fed Western diets with or without 1% squalene supplementation for 6 weeks. In males, but not in females, absence 

of TXNDC5 blocked hepatic, but not duodenal, squalene accumulation. Hepatic lipid droplets were isolated and characterized using label-free LC-MS/MS 

analysis. TXNDC5 accumulated in this subcellular compartment of mice receiving squalene and was absent in TXNDC5-KO male mice. The latter mice 

were unable to store squalene in lipid droplets. CALR and APMAP were some of the proteins that responded to the squalene administration in all studied 

conditions. CALR and APMAP were positively associated with lipid droplets in the presence of squalene and they were decreased by the absence of TXNDC5. 

The increased squalene content was reproduced in vitro using AML12 cells incubated with squalene-loaded nanoparticles and this effect was not observed 

in an engineered cell line lacking TXNDC5. The phenomenon was also present when incubated in the presence of a squalene epoxidase inhibitor, suggesting 

a mechanism of squalene exocytosis involving CALR and APMAP. In conclusion, squalene accumulation in hepatic lipid droplets is sex-dependent on TXNDC5 

that blocks its secretion. 

© 2023 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by-nc/4.0/ ) 
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1. Introduction 

The Mediterranean diet has been associated with a wide range

of benefits on cardiovascular health and its associated patholo-

gies such as diabetes, dyslipidemia, hypertension, metabolic syn-
Abbreviations: ER, endoplasmic reticulum; LD, lipid droplets; TG, triacylglycero
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drome, and obesity. It has also been associated with a lower inci-

dence of neurodegenerative disorders, particularly Alzheimer’s dis-

ease [1] and may positively influence all-age-related diseases and

longevity [2] . This dietary pattern consists of varied plant-based

food sources such as fruits, vegetables, virgin olive oil, and nuts
nder the CC BY-NC license ( http://creativecommons.org/licenses/by-nc/4.0/ ) 
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[3] . In fact, virgin olive oil, its main source of fat, has been associ-

ated with a reduced risk of general and cause-specific mortality as

well [4] . Virgin olive oil, as a fruit juice, is a complex mixture of

monounsaturated fatty acid-containing triglycerides and other bio-

logically active substances named minor components and encom-

passing chemical categories such as hydrocarbons, terpenes, phy-

tosterols and phenolic compounds [5] . The biological effects of the

minor components have lately been the focus of attention [6–8] . 

Hydrocarbons account for about 50% of the unsaponifiable frac-

tion of virgin olive oil representing squalene almost 90% of all the

hydrocarbons present [9] . Characterized as an isoprenoid, squalene

is an intermediary in the plant biosynthesis of phytosterols and

terpenes and animal cholesterol [8] . This isoprenoid has shown an-

tioxidant [10] , anti-inflammatory [11] , anti-atherosclerotic [12] and

tumor-protective properties [13] . Our group found that a high

squalene dose decreased hepatic fat content in a sex-dependent

manner [12] and that modified the hepatic mitochondrial and mi-

crosomal proteomes [14 , 15] of Apoe -deficient mice on a chow diet.

Using this experimental animal model on a Western diet, admin-

istration of squalene resulted in a decrease in hepatic triglycerides

in males, but not in females [16] . Squalene was found to be ac-

cumulated in lipid droplets depending on the animal model used

[17] . 

Lipid droplets (LDs) are cytoplasmic organelles characterized

by a neutral lipid core of triacylglycerol (TG), cholesteryl esters

and retinyl esters surrounded by a monolayer of phospholipids,

non-esterified cholesterol and associated proteins. They are in-

volved in lipid metabolism, signal transduction, protein storage and

lipid trafficking [for reviews see [18 , 19] ] and play a pivotal role

in the lipid accumulation during fatty liver diseases [20 , 21] . They

are also involved in squalene accumulation [17] , which may in-

volve changes in their proteome composition. Thioredoxin domain-

containing 5 (TXNDC5), located in the endoplasmic reticulum, is a

member of the protein disulfide isomerase family [22] , which is

also present in lipid droplets [23] . Hepatic TXNDC5 levels were

found to be negatively associated with fat content in mice fed

a squalene-containing diet [14] . Thus, its deficiency may also af-

fect the loading of squalene into lipid droplets and alter their pro-

teome. To address these hypotheses regarding the effect of dietary

squalene and to gain more insight into the mechanisms involved,

dietary squalene supplementation was carried out in wild-type

(WT) and Txndc5 -deficient (KO) mice of both sexes fed a Western

diet. Hepatic LDs were isolated and their proteomic changes inves-

tigated by gel LC-MS/MS analysis. In order to distinguish the ef-

fects of squalene administration alone, experiments were also per-

formed in WT and Txndc5 -KO hepatic cell lines. 

2. Experimental procedures 

2.1. Animals and diets 

Two-month-old wild-type and Txndc5 -deficient mice on

C57BL/6J genetic background were generated by crossing heterozy-

gous animals harboring a deletion of exon 3 of Txndc5 gene and

characterized as described [24] . They were housed in sterile filter-

top cages on a 12-hour light/12-hour dark cycle at the Centro de

Investigación Biomédica de Aragón . Mouse experiments were carried

out in accordance with the EU Directive 2010/63 on the protection

of animals used for scientific purposes, and the study protocol

was approved by the Ethics Committee for Animal Research of the

University of Zaragoza (PI35/18 and PI03/21). 

Four groups ( n = 6 or 7) for each sex were established: wild-

type and Txndc5 -deficient mice received a purified Western diet

with or without 1% squalene. All diets were prepared in our facil-

ities, lyophilized, and stored at −20 °C until use. The composition
adapted to AIN-93 purified diets for rodents [25] is shown in Sup-

plementary Table 1. Mice had ad libitum access to food and water.

Intake and body weights were monitored weekly. At the end of

the 6-week dietary intervention, food was withdrawn for 16 h, and

the mice were weighed, suffocated in a CO 2 chamber and sacri-

ficed. Blood samples were drawn by cardiac puncture, centrifuged

at 3,0 0 0 g for 10 min to obtain plasma or serum. The livers were

obtained and excised; most of the pieces were frozen in liquid N 2

and stored at −80 °C until processing, except an aliquot which was

stored in buffered formaldehyde. 

2.2. Isolation of lipid droplets 

They were isolated according to the protocol of Ontko et al.

[26] . Briefly, pooled livers of two mice (100 mg), three preparations

per experimental condition, were homogenized in 3 mL of 65% su-

crose solution with both protease and phosphatase inhibitor cock-

tails (Roche, Mannheim, Germany) at 4 °C. Discontinuous sucrose

gradients were prepared as follows: 3 mL of liver homogenates in

65% sucrose were pipetted at the bottom of the centrifuge tubes

kept on an ice bath. Then 2 mL of 60% sucrose solution were slowly

added, followed by 2 mL of 52% sucrose, 2 mL of 44% sucrose and

2 mL of distilled water. The tubes containing gradients were cen-

trifuged at 25,0 0 0 × g for 30 min at 4 °C and the bands containing

the different lipid droplets were collected and refloated on a fresh

gradient. The purified bands were collected, an aliquot was saved,

and the rest mixed with 3 volumes of acetone and kept at −80

°C for 10 min and then at −20 °C overnight. The tubes were cen-

trifuged at 15,0 0 0 × g for 15 min at 4 °C. The pellets were washed

three times, firstly with acetone: diethyl ether 1:1 and then twice

with diethyl ether. Dry pellets were resuspended in PBS contain-

ing 0.2% Triton X-100 and 10% glycerol and centrifuged 10 min at

15,0 0 0 × g in order to remove insoluble proteins. Protein concen-

trations were determined by BioRad dye binding assay (Hercules,

CA, USA). 

2.3. Sample preparation for mass spectrometry 

The proteomic analysis was performed at the Proteomics Unit of

Complutense University (Madrid, Spain). Protein samples (150 µg)

were loaded onto a 10% SDS-PAGE gel, run until the loading dye

reached the separating gel and visualized with G-250 Coomassie

blue protein stain (Merck, Darmstadt, Germany). Protein bands

were excised for subsequent in gel digestion. Briefly, the proteins

were reduced with 10 mM dithiothreitol at 56 °C for 30 min, and

then alkylated with 25 mM iodoacetamide for 20 min. Finally, pro-

teins were digested with recombinant trypsin (ratio enzyme: pro-

tein 1:50, Roche, Mannheim, Germany) in 100 mM ammonium bi-

carbonate (pH 8.5) overnight at 37 °C. Tryptic peptides were ex-

tracted in two steps by incubating the gel pieces with 0.1% trifluo-

roacetic acid and 80% acetonitrile (ACN) for at least 30 min. A final

extraction was performed using 100% ACN. The resulting extracts

of each sample were combined, dried, dissolved in 2% ACN, 0.1%

formic acid (FA) and frozen until analysis. 

2.4. LC-MS/MS of lipid droplet proteins 

Peptides were analyzed by nano-liquid chromatography (nano

Easy-nLC 10 0 0, Thermo Scientific, Bremen, Germany) coupled to

a Q-Exactive HF high-resolution mass spectrometer (Thermo Sci-

entific). Peptides were resolved using multi-dimensional capillary

LC through an Acclaim PepMap column C18 100 (Thermo Scien-

tific, #164567) connected to a PepMap 100 C18 (Thermo Scientific,

#164534) with an integrated spray tip. Separation conditions were

a flow rate of 250 nl/min and 160 min linear gradient from 0%
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to 45% v /v buffer A (0.1% FA in water) and buffer B (0.1% FA in

ACN). Peptides were electrospray ionized with a voltage of 1.8 kV

at 290 °C. The mass spectrometer operated in data-dependent ac-

quisition mode and peptides were detected in full scan MS mode

with a resolution of 60,0 0 0 and a m/z range of 350–1800 Da.

The 15 most intense multiply charged ions were sequentially frag-

mented by high collision dissociation with a normalized energy of

20%. MS/MS spectra were acquired in positive mode in an informa-

tion dependent mode with a resolution of 30,0 0 0. Raw data were

processed using Proteome Discoverer 2.4 (Thermo Scientific) with

search engine MASCOT 2.6 (MatrixScience, London, UK) to identify

peptides against contaminant database (247 sequences) and Mus

musculus (strain C57BL/6J) proteome (UP0 0 0 0 0 0589), downloaded

from Uniprot ( www.uniprot.org ). Search parameters included a

precursor mass tolerance of 10 ppm and a fragment mass toler-

ance of 0.02 Da, up to 2 skipped breakpoints allowed for trypsin

hydrolysis, carbamidomethyl cysteine as a fixed modification and

methionine oxidation, loss of methionine, or loss of methionine

plus acetylation of the amino terminus as variable modifications.

The relative extracted ion chromatograms (EICs) for each identi-

fied protein were filtered accordingly to have at least one unique

identified peptide and a false discovery rate (FDR) < 0.01. Proteins

with an observed EIC in ≤1 sample across all samples were re-

moved. The normalized spectral abundance factor (NSAF) for each

protein was calculated according to McIlwain et al. [27] . Adopt-

ing these criteria, the number of proteins and peptides identified,

eliminating contaminants, in each of the male samples is summa-

rized in Supplementary Table 2. A complete description of the pro-

teins with their NSAF can be found in Supplementary Table 3. 

2.5. Mass spectrometry data analysis and network analysis 

To simplify and reduce the number of proteins, a series of filters

such as number of peptides, Mascot index indicating presence, per-

centage of coverage and Mascot score (Supplementary Fig. 1) were

applied. As a result, 297 proteins were compared among the dif-

ferent conditions and only those experiencing a change expressed

as log 2 NSAF ratio < -1 or > 1 were selected. Those chosen proteins

were submitted to the Search Tool for the Retrieval of Interacting

Genes (STRING 11.5) website and their KEGG pathways and their

networks generated using the high confidence view (score 0.900). 

2.6. Western blotting and immunostaining of membranes 

Hepatic homogenate or lipid droplet proteins (5 µg) were

loaded onto SDS-polyacrylamide gels, electrophoresed, transferred

to PVDF membranes and blocked as previously described [28] . The

primary antibodies, diluted in PBS buffer containing 2.5% BSA and

1% Tween 20, were added and the membranes were incubated 2 h

at room temperature and then overnight at 4 °C. The following pri-

mary antibodies, with their working dilutions, were used: Rabbit

polyclonal antibody against TXNDC5 (1:1,0 0 0, Proteintech #19834-

1-AP, Manchester, UK), anti-CALR (1:1,0 0 0, Proteintech #10292-1-

AP). and anti-APMAP (1:2,0 0 0, Proteintech #25953-1-AP). Equal

loadings were confirmed by using a mouse monoclonal anti- β-

ACTIN (1:2,0 0 0, Sigma #A5441, St Louis, MO, USA). Membranes

were washed three times with a PBS buffer containing 0.1% Tween

20 and incubated for 1 h at room temperature with conjugated

goat anti-rabbit IgG (H&L) DyLight 800 secondary antibody (SA5-

35571) or goat anti-mice IgG (H&L) DyLight 680 secondary an-

tibody (SA5-35518), both from Thermo-scientific (Waltham, MA,

USA), diluted 1:80,0 0 0. Images were captured using an Odyssey®-

Clx (LI-COR, Bad Homburg, Germany). 
2.7. Histological analysis 

The portion of the liver stored in formaldehyde was paraffin-

embedded and sectioned. Sections were then stained with hema-

toxylin and eosin, scanned, and scored for lipid droplet area, in-

flammation, necrosis, and fibrosis by trained histologists blinded to

the experimental groups. The lipid droplet areas were estimated in

sections with Adobe Photoshop CS3 (Adobe Inc. San Jose, CA, USA)

and expressed as percentage of total liver section as previously de-

scribed [12] . 

2.8. Hepatic lipids 

Lipids were extracted and cholesterol and triglyceride mea-

sured as previously described [28] using Infinity Reagent kits from

Thermo Scientific (Thermo Fisher Scientific Waltham, MA, USA). 

2.9. Squalene quantification 

Squalene was extracted and measured as previously published

[17] . 

2.10. RNA isolation and RT-qPCR analysis 

Livers were homogenized using Tri Reagent from Ambion (Life

Technologies, Carlsbad, CA, USA) and total RNA was extracted us-

ing spin column kit Direct-zol RNA Miniprep (Zymo Research,

Irvine, CA, USA), following the manufacturer’s instructions. RNA

was quantified by absorbance at A 260/280 using Nanodrop Spec-

trophotometer (Thermo) and the ratio was greater than 1.75 as

well as the ratio A 260/230 . The integrity of the 28S and 18S riboso-

mal RNAs was verified by 1% agarose gel electrophoresis followed

by ethidium bromide staining with a ratio 28S/18S greater than

2. Primer design (Supplementary Table 4), RT and cDNA synthe-

sis were carried out as previously described [29] . ViiA7 Real-Time

PCR System (Life Technologies) was used, and relative amount of

mRNA was calculated using the comparative 2 −��Cq method and

normalized to the reference Ppib expressions. 

2.11. Cell culture 

The control mouse hepatocyte cell (AML12) and a stable

TXNDC5-knockout AML12 [30] cell lines were grown in a hu-

midified atmosphere of 5% CO 2 at 37 °C in Dulbecco’s modi-

fied Eagle’s minimum essential medium (DMEM; ThermoFisher

Scientific, Waltham, MA, USA): F12-Ham’s medium (GE Health-

care Life Science, South Logan, UT) in 1:1 ratio supplemented

with 10% fetal bovine serum (ThermoFisher Scientific), 1:500 in-

sulin/transferrin/selenium (Corning, Bedford, MA, USA), 40 ng/mL

dexamethasone (Sigma-Aldrich; Merck Millipore, Darmstadt, Ger-

many) 1% nonessential amino acids (ThermoFisher Scientific), 1%

amphotericin B (10 0 0 mg/mL; Thermo Fisher Scientific, Waltham,

MA, USA),1% penicillin (10 0 0 U/ml; ThermoFisher Scientific), and

1% streptomycin (1,0 0 0 mg/mL; ThermoFisher Scientific) in 25-

cm 

2 flasks (four replicates) for squalene extraction and in six-well

plates to RNA isolation (six replicates). Medium was changed every

2 days. When cells reached 90–100% confluency, the medium was

removed, and cells were washed twice with phosphate buffered

saline (PBS) prior to the addition of the serum-free median with-

out amphotericin B containing 30 µM of squalene loaded in

poly(lactic-co-glycolic acid) (PLGA) nanoparticles [30] and incu-

bated for 72 h. In squalene epoxidase inhibitor experiments, cells

were treated with 1 µM NB-598 or vehicle for 24 h. Then, me-

dia were removed, washed three times with PBS and harvested

with trypsin, and the cell pellet was measured prior to squalene

http://www.uniprot.org
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Fig. 1. Lipid parameters in experimental conditions according to sex. The upper panels correspond to females and the lower panels to males. (A and D) hepatic triglyceride; (B 

and E) hepatic cholesterol; (C and F) hepatic squalene and (G) duodenal squalene content. Results are presented as mean ± SD of six or seven mice. Statistical analyses were 

done by two-way ANOVA. TXNDC5 indicates the effect of TXNDC5 deficiency; squalene, the effect of its administration; and interaction, the combined effect of both. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

extraction. To RNA extraction, media were removed and cells col-

lected with Tri-reagent solution (Ambion), RNA isolation and cDNA

synthesis were performed as above described. For microscopy and

flow cytometry, median were removed and cells were fixed and

stained with Nile Red and Hoechst 33342 as described [30] . Flow

cytometry was carried out in a Beckman Coulter Gallios flow cy-

tometer (Brea, CA, USA). 

2.12. Statistics 

Results are presented as means and their standard deviations.

Data distribution was analyzed according to Shapiro–Wilk test, and

homology of variance among groups using Bartlett’s or Levene’s

tests. Parameters fitting both hypotheses were analyzed using one-

Way ANOVA and Tukey ́s test as post-hoc comparisons. Nonpara-

metric Mann-Whitney’s U test was used to compare the groups

failing in any of the hypotheses. Two-way ANOVA was performed

using the Sidak test with GraphPad Prism 8 for Windows (Graph-

Pad, S. Diego, CA, USA). Association between variables was assessed

by Spearman’s correlation coefficient ( ρ) using IBM SPSS version

25 software (IBM, Armonk, NY, USA). A P value of less than .05

was considered statistically significant. 

3. Results 

3.1. Somatometric and histological analyses 

In both sexes during the length of dietary intervention, the four

experimental groups showed similar body weight gains (Supple-

mentary Fig. 2A and 2E). No statistically significant differences in

the ratio of body weight gain/feed intake were observed in females

(Supplementary Fig. 2B), but in mice given squalene, the deficiency
of TXNDC5 led to lower body weight gain/feed intake (Supplemen-

tary Fig. 2F). In female mice, the amount of body weight lost dur-

ing fasting prior to sacrifice (Supplementary Fig. 2C) showed no

significant difference among the studied groups. Nonetheless, male

mice lacking TXNDC5 and consuming squalene exhibited a higher

reduction in body weight compared to wild-type mice with squa-

lene as well as TXNDC5-KO mice (Supplementary Fig. 2G). This

outcome implies a conceivable impact of squalene in the absence

of TXNDC5. Finally, the mass of the liver (Supplementary Fig. 2D

and 2H) was similar in all the experimental groups in both sexes. 

Male Txndc5 -ko mice accumulated triglycerides and cholesterol

in the liver when fed a low-fat diet without changes in lipid

droplet area [24] . This report investigates how squalene affects

mice with or without TXNDC5, on a C57BL/6J genetic background,

when incorporated into a Western diet. In female mice, the hep-

atic triglyceride levels ( Fig. 1 A) did not exhibit significant varia-

tion in the experimental groups, whereas the absence of TXNDC5

had a negative impact on the hepatic cholesterol levels ( Fig. 1 B),

regardless of the squalene supplementation. However, the hepatic

squalene content was enhanced in the female groups that were fed

with a squalene-enriched diet ( Fig. 1 C), and it did not differ upon

the absence of TXNDC5 protein. Male wild-type mice that received

squalene exhibited a trend to elevated hepatic levels of triglyc-

erides, as depicted in Figure 1 D. In contrast, TXNDC5 knockout

mice did not show this trend, as there was a significant interaction

between the absence of TXNDC5 and the administration of squa-

lene. Also in this sex, the lack of TXNDC5 had a negative impact on

the levels of hepatic cholesterol ( Fig. 1 E). When hepatic squalene

content was analyzed, it found that WT males experienced a sig-

nificant increase when consuming the squalene-supplemented diet

( Fig. 1 F). Interestingly, TXNDC5 deficiency hindered the accumula-

tion of squalene in the liver. To reject any intestinal malabsorp-

tion of squalene, duodenal content was analyzed ( Fig. 1 G). The ab-
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Fig. 2. Hepatic histological analyses in male mice fed with different diets for six weeks. (A) representative liver micrographs from wild-type (WT) mice receiving a purified 

Western diet; (B) TXNDC5-knock-out (KO) mice fed the Western diet; (C) images from WT mice receiving a purified 1%-squalene (SQ) enriched Western diet and (D) TXNDC5- 

KO mice fed the purified 1%-squalene enriched Western diet. Liver sections from each animal were stained with hematoxylin and eosin and evaluated blindly. (E) Morphometric 

difference in the amount of lipid droplet area. Results are shown as mean ± SD of six or seven mice. Statistical analyses were performed by two-way ANOVA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sence of TXNDC5 did not have a significant impact, as no changes

were observed. Overall, there is a sex difference in the influence of

TXNDC5 on the accumulation of squalene in the liver. This effect

is more prominent in males. Thus, histological analyses were con-

ducted in this group, and representative images of hepatic sections

from male mice are presented in Figure 2 , panels A to D. A quan-

titative assessment of lipid droplet areas ( Fig. 2 E) demonstrated

a statistically significant reduction (Mann-Whitney U-test, P < .01)

in the area occupied by lipid droplets in TXNDC5-KO mice com-

pared to WT mice consuming squalene. These findings align with

the reduced hepatic triglyceride content observed. Furthermore, a

significant correlation was found between the hepatic lipid droplet

area and TG content in this experimental approach ( ρ= 0.768,

p < .001) (data not shown). In this case, however, the 2-way

ANOVA test did not reveal the interaction between TXNDC5 and

squalene. 

3.2. Isolation and characterization of LDs 

Considering our previous results showing that squalene accu-

mulated in lipid droplets [17] and the impact of TXNDC5 deletion

on squalene accumulation in males, only hepatic LDs from this sex

were prepared and analyzed. 

The results of LD-associated proteins obtained by gel-LC-MS/MS

were used to generate a profile of their preparations. In Table 1

the abundance of different proteins normalized to that of monoa-

cylglyceride lipase (MGLL) is compiled. According to the displayed

results, the amounts of proteins considered to be present into

LDs (MGLL, PLIN2, PLIN3, CES1C, CES1D, CES1F, CES3, or RAB7)

[23] were similar among the different groups. Golgi and plasma

proteins were minimally present, the same occurred for ER, mito-

chondria, and peroxisomes, although there were important differ-

ences depending on the considered marker. For instance, TXNDC5

was found only in wild-type mice receiving squalene and was
absent in the rest of the groups. The cytosolic maker (GAPDH)

showed an important change between the WT group and the rest

of the groups. However, ATPCL was not detected in the prepared

LDs. 

Using an aliquot of lipid droplet preparations, their lipids were

also analyzed in the different groups. As shown in Figure 3 A and B,

lipid droplets of WT animals receiving squalene showed a trend to

increase TG and cholesterol contents. Regarding squalene content

( Fig. 3 C), the groups administered with the compound displayed

elevated values, whereas mice lacking TXNDC5 exhibited signifi-

cantly lower amounts than the WT + SQ group (significant interac-

tion). The outcomes are consistent with the changes observed in

the liver homogenates. 

3.3. Hepatic LD-associated proteins in the different experimental 

conditions 

The delipidated lipid droplets purified from the livers were an-

alyzed by gel-LC-MS/MS and the data were refined as described in

the materials and methods. According to this analysis, (Supplemen-

tary Table 2), 1,326, 1,699, 1,871 and 1,604 proteins were identified

in the LDs isolated from WT, KO, WT + SQ and KO + SQ groups,

respectively. As shown in Supplementary Figure 3, squalene ad-

ministration had a profound impact on WT since 643 proteins

changed (A) vs. squalene administration in KO mice, where only

144 did (B). The absence of TXNDC5 was translated into 482 hits

(C) that squalene administration reduced to 85 (D). To reduce the

complexity, only identified proteins with three peptides, classified

by Mascot as found, with 20% of coverage and a Mascot score

higher than 100 were processed (Supplementary Fig. 1). According

to these criteria, there were 297 proteins to be compared among

the different conditions. Further refinement by selecting those

with a log 2 NSAF ratio between groups < -1 or > 1 revealed that

squalene administration changed 52 proteins in the WT. In the ab-
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Table 1 

Characteristics of purified hepatic lipid droplets in the different 

conditions. 

WT KO WT + SQ KO + SQ 

Lipid droplets 
MGLL 1.0 1.0 1.0 1.0 

PLIN2 0.2 0.7 1.2 0.9 

PLIN3 0.05 0.2 0.5 0.2 
CES1C 1.2 1.2 1.2 1.6 
CES1D 7.3 8.0 9.4 11.2 

CES1F 5.9 5.2 5.7 7.6 
CES3 0.6 1.0 1.0 0.8 
RAB7 2.5 2.0 2.5 2.6 

Golgi 

STX7 0.1 0.1 0.1 0.2 
GM130 0.0 0.0 0.0 0.0 
GOLGA5 0.0 0.0 0.0 0.0 

Plasma membrane 

CADH2 0.0 0.1 0.1 0.1 
ESYT2 0.02 0.02 0.02 0.03 

FLOT1 0.0 0.0 0.0 0.0 
Endoplasmic reticulum 

CANX 0.5 0.8 1.3 1.3 

GRP78 0.0 0.0 0.0 0.0 
HSPA5 1.3 1.9 2.3 2.6 

PEMT 0.0 0.0 0.0 0.0 
TXNDC5 0.0 0.0 0.2 0.0 
VPS13A 0.0 0.0 0.0 0.0 

Cytosol 
GAPDH 7.9 18.5 17.9 19.4 

ATPCL 0.0 0.0 0.0 0.0 
Mitochondria 

COX4I1 0.2 1.6 1.9 1.7 

CPT2 1.0 1.2 1.5 1.7 
ACSL1 0.8 1.9 2.3 2.2 
VDAC 0.7 1.0 1.0 1.4 

Peroxisomes 
PEX3 0.0 0.1 0.2 0.0 

PMP34 0.0 0.0 0.1 0.0 

Results represent the normalized spectral abundance factor (NSAF) 
of the different proteins normalized to the value of MGLL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

istration. 
sence of TXNDC5, squalene administration affected the amount of

eight proteins (Supplementary Fig. 1). Common proteins respond-

ing to squalene administration in WT and TXNDC5-KO resulted in

six proteins as shown in the Venn diagram (Supplementary Figure

1B). These are listed in Table 2 : cytosolic 10-formyltetrahydrofolate

dehydrogenase (ALDH1L1), mitochondrial fumarate hydratase

(FH), adenosine kinase (ADK), mitochondrial agmatinase (AGMAT),

calreticulin (CALR), and adipocyte plasma membrane-associated

protein (APMAP). 
Table 2 
Changes in hepatic lipid droplet-associated proteins in the different expe

Accession Description 

Q8R0Y6 Cytosolic 10-formyltetrahydrofolate dehydrogenase (ALDH

P97807 Mitochondrial fumarate hydratase (FH) 

P55264 Adenosine kinase (ADK) 
A2AS89 Mitochondrial agmatinase (AGMAT) 

P14211 Calreticulin (CALR) 

Q9D7N9 Adipocyte plasma membrane-associated protein (APMAP

Results represent the log 2 of ratio of normalized spectral abundance fact
The pathway enrichment analysis of the 52 proteins whose ex-

pression was changed by squalene administration compared to WT

is shown in Figure 4 A. They fell into eight major categories: carbon

metabolism, cytochrome P450, pathologies, chemical carcinogene-

sis, oxidative phosphorylation, thermogenesis, arginine biosynthe-

sis, and amino acid metabolism. They were grouped into five net-

works according to STRING ( Fig. 4 B). The absence of TXNDC5 (Sup-

plementary Fig. 1) resulted in 44 proteins with altered expression

belonging to the categories: carbon metabolism, chemical carcino-

genesis, amino acid metabolism, cytochrome P450, and organic and

fatty acid metabolism ( Fig. 4 C). They were grouped into seven net-

works according to STRING ( Fig. 4 D). 

To confirm the LD association of some of the identified proteins,

and their changes in the different conditions, their abundance in

LDs and liver homogenates was assessed by immunoblotting. In a

previous experiment with Apoe -deficient mice fed a chow diet [15] ,

squalene induced increased levels of TXNDC5 and CALR in hepatic

microsomal preparations. Under the present conditions in WT an-

imals consuming a Western diet, mice receiving squalene showed

a modest increase in the amount of TXNDC5 in the homogenate

( Fig. 5 A and B), but a significant increase in lipid droplets ( P < .05

by Mann-Whitney U-test) which was not supported by the two-

way ANOVA ( Fig. 5 C and D). Obviously, TXNDC5-KO mice did not

show this protein in either homogenate or lipid droplets. When

CALR was assayed in homogenate ( Fig. 5 E and F), minimal changes

were observed in the different experimental conditions. However,

squalene administration in WT animals resulted in an increased

content of this protein in lipid droplets ( Fig. 5 G and H), which

was abolished in the absence of TXNDC5. When APMAP was as-

sayed, the same pattern was observed, although its decrease in

lipid droplets was less pronounced in the absence of TXNDC5

( Fig. 5 K and L). Overall, the squalene administration favors the

presence TXNDC5, CALR and APMAP in lipid droplets and the lack

of TXNDC5 results in a decreased presence of these proteins. 

3.4. RNA analyses of squalene administration target genes 

In order to support the observed squalene-induced changes,

mRNA analyses of some previously characterized target genes

[16] were carried out by RT-qPCR. Txndc5 mRNA levels were not

influenced by squalene administration but as expected TXNDC5-

KO animals showed a low level of expression. As previously ob-

served [16] , squalene administration induced the hepatic expres-

sion of Cyp2b10, Cyp2c55, and Cyp3a41 ( Fig. 6 ) and the absence of

TXNDC5 did not suppress this effect. A correlation analysis also re-

inforced the association among these hepatic gene expressions and

squalene content (Supplementary Fig. 4). No significant changes

were observed for Acox1, Apmap, Arf5, and Calr ( Fig. 6 ). Taken to-

gether, these results suggest that the absence of TXNDC5 does not

influence the transcriptional changes induced by squalene admin-
rimental conditions influenced by squalene administration. 

WT + SQ/ WT WT + SQ/ KO + SQ KO + SQ/ KO 

1L1) 1.0 1.4 -1.3 

1.0 1.3 -1.1 

1.7 1.1 -0.5 
1.6 1.1 -0.7 

1.6 1.0 -0.5 

) 2.1 1.0 0.2 

ors of the specified conditions (NSAF). 
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Fig. 3. Lipid composition of male hepatic lipid droplets. (A) triglycerides; (B) cholesterol and (C) squalene content. Results are expressed as mean ± SD of six or seven mice. 

Two-way ANOVA was used for statistical analysis. TXNDC5 indicates the effect of TXNDC5 deficiency; squalene, the effect of its administration; and interaction, the combined 

effect of both. 

Fig. 4. Hepatic lipid droplet-associated proteins found to be significantly changed by the influence of squalene or TXNDC5 deficiency in mice. (A) Pathway enrichment of 

differentially expressed proteins in squalene-supplemented animals expressed as the -log 10 (FDR) according to KEGG. (B) STRING ( https://string-db.org/ ) network of top differ- 

entially expressed proteins by the influence of squalene with a confidence level of 0.9. (C) Pathway enrichment of differentially lipid droplet-associated proteins in TXNDC5 

deficiency expressed as the -log 10 (FDR) according to KEGG. (D) STRING network of top differentially expressed proteins in TXNDC5 deficiency with a confidence level of 0.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5. Analyses in WT and TXNDC5-KO AML12 cell lines 

To verify whether the observed changes in response to squa-

lene could be reproduced in a hepatic cell line, WT and TXNDC5-

KO AML12 cell lines were used and incubated in the presence

of polymeric biodegradable nanoparticles loaded with squalene.

Squalene-loaded PLGA nanoparticles were used to favor squalene

aqueous availability and cellular uptake compared to the adminis-

tration of the free isoprenoid [30] . As shown in Figure 7 (panels

A–E), squalene incubation resulted in an increased cellular squa-

lene content, which was significantly reduced in the absence of
TXNDC5. This result was confirmed by flow cytometry of squalene-

loaded cells ( Fig. 7 F). When cell squalene was monitored at differ-

ent time points, TXNDC5-KO cells accumulated less of this com-

pound ( Fig. 7 G), which was released into the medium ( Fig. 7 H).

Squalene accumulation in the presence of a squalene epoxidase in-

hibitor was also lower in TXNDC5-KO AML12 cells compared to

WT-AML12 ( Fig. 7 I). Thus, the mouse findings were reproduced in

vitro . Gene expression was also examined. Surprisingly, Cyp2b10

expression was decreased by squalene incubation and this effect

was more pronounced in the absence of TXNDC5 ( Fig. 7 J). Cyp2c55

and Cyp3a41 expressions were increased by squalene incubation

https://string-db.org/
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Fig. 5. Hepatic protein expressions. (A) Representative Western images of liver homogenates. (B) Quantitative results of TXNDC5 normalized to β-ACTIN. (C) Representative 

Western images of lipid droplets. (D) Quantitative results of TXNDC5 normalized to β-ACTIN. (E) Representative Western images of liver homogenates. (F) Quantitative results 

of CALR normalized to β-ACTIN. (G) Representative Western images of lipid droplets. (H) Quantitative results of CALR normalized to β-ACTIN. (I) Representative Western images 

of liver homogenates. The left three samples included in dashed rectangle correspond to two non-adjacent parts of the same gel. (J) Quantitative results of APMAP normalized 

to β-ACTIN. (K) Representative Western images of lipid droplets. (L) Quantitative results of APMAP normalized to β-ACTIN. Results are shown as mean ± SD. Statistical analyses 

were performed by two-way ANOVA. TXNDC5 indicates the effect of TXNDC5 deficiency, squalene, the effect of its administration and interaction, the combined effect of both. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Fig. 7 K and L). TXNDC5 deletion partially abolished the squalene

effect on Cyp2c55 ( P < .05 by Mann-Whitney U-test), which was not

supported by the two-way ANOVA, and had no effect on Cyp3a41

expression. 

4. Discussion 

The aim of the present study was to verify the influence of

TXNDC5 on the hepatic management of squalene provided in

a Western diet. Our results indicate that mice consuming a 1%

squalene-supplemented Western diet (corresponding to a dose of 1

g/kg body weight) showed a sexual dimorphism in the sense that
the absence of TXNDC5 blocked hepatic squalene accumulation in

a tissue-specific manner only in males. When hepatic lipid droplets

were isolated and characterized, TXNDC5 accumulated in this sub-

cellular compartment in hydrocarbon-fed mice and as expected,

was absent in TXNDC5 KO mice. The latter mice were unable to

store squalene in lipid droplets according to the pattern observed

in the whole liver. A highly stringent protein selection scheme to

detect those involved in the squalene response under all conditions

led to the identification of ALDH1L1, FH, ADK, AGMAT, CALR, and

APMAP. Independent confirmation showed that CALR and APMAP

accumulated in lipid droplets in the presence of squalene and that

this fact was influenced by TXNDC5. To support the specificity of
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Fig. 6. Hepatic mRNA expression of selected genes in males. Results are shown as means ± SD of six or seven mice. Statistical analyses were performed by two-way ANOVA. 

TXNDC5 indicates the effect of TXNDC5 deficiency and squalene, the effect of its administration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

this finding, hepatic expression of previously characterized squa-

lene gene targets was analyzed, and squalene administration in-

duced hepatic expression of Cyp2b10, Cyp2c55, and Cyp3a41 and

the absence of TXNDC5 did not suppress this effect. The increase

in squalene content was reproduced in vitro using squalene deliv-

ered as nanoparticles to an AML12 liver cell line. A phenomenon

that was stopped in an engineered cell line lacking TXNDC5. In this

model, Cyp2c55 and Cyp3a41 expression was increased by squa-

lene, and TXNDC5 deletion partially abolished the effect of squa-

lene on Cyp2c5 5 and had no effect on Cyp3a41 expression. Collec-

tively, squalene accumulation in lipid droplets is sex dependent on

TXNDC5, but its downstream effects on gene expression appear to

be independent of this protein. 

The observed sexual dimorphism in squalene response is some-

thing that confirms our previous findings in Apoe -deficient mice,

where the reduction of atherosclerotic lesions was associated with

hepatic fat content only in males [12] . In the search of pro-

teins involved in these lipid changes, male microsomal TXNDC5

protein was found to be increased by squalene administration

and significantly associated with hepatic fat content [15] . To es-

tablish the molecular mechanisms associating this protein with

squalene intake, TXNDC5-KO mice of both sexes were gener-

ated [24] and fed a Western diet with or without squalene.

When their livers were analyzed for squalene content, the ab-

sence of TXNDC5 abolished the hepatic squalene accumulation

only in males. This phenomenon did not occur in the duode-

num either, rejecting the hypothesis of an intestinal malabsorp-

tion of squalene and suggesting that represents a sex- and tissue-

specific mechanism. To further characterize this observation and

to benefit from a previous finding that squalene accumulated in

lipid droplets of male mice [17] , the latter were the focus of
attention.  
Shotgun proteomics via LC-MS/MS was used to characterize the

mouse hepatic LD proteome in the different experimental con-

ditions. The identified associated proteins ranged from 1,326 to

1,871 (Supplementary Table 1), which is consistent with reports of

1,520 using a high-fat diet [31] , 932 [32] , or 810 [23] , 613 [33] in

the fasting state. More recently, 4,515 unique proteins were found

in mice consuming a high-fat diet (60% of calories as fat con-

tent for 18 weeks) [34] . An important concern when analyzing or-

ganelle proteomes is the purity of the preparations. As expected,

the canonical LD-marker proteins PLIN2 and PLIN3 were present in

our LD preparations ( Table 1 ). Likewise, MGLL was a component of

the prepared lipid droplets. In fact, the latter was found to be ex-

traordinarily consistent among the different lipid preparations, so

it was used as a reference protein to normalize the abundance of

other proteins. Although PLIN2 has been used as a normalization

protein [23] , other authors have raised concerns about its suitabil-

ity as a LD marker since it is not present on all hepatic LDs [31] .

Furthermore, PLIN2 has been found to increase in 24-four fasting

and decrease after refeeding [23] . Using, an extreme fat content

(60% of calories) for 9 weeks [31] or the same high-fat diet for

refeeding [35] , this protein was found particularly abundant. In the

present report, due to the short duration of the Western diet (6

weeks), the relatively low percentage of fat (35% of calories) and

a 16-h fasting period, PLIN2 was not particularly abundant and

variable among the different experimental conditions. Interestingly,

DGAT2, CIDEA, CIDEB, CIDEC, ATGL (PNPLA2) were not found in our

lipid droplets and CGI-58 (ABHD5) was present only under certain

conditions. In contrast, others such as RAB7 [34] was consistently

present. Using a fat content (60% of calories) for 12 weeks, Krah-

mer et al. [36] reported that the plasma membrane-ER contact site

protein ESYT2 was increased in their LD preparations. In our case,

lipid droplets were poorly enriched in this protein. Mitochondrial
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Fig. 7. Influence of TXNDC5 on squalene incubation of AML12. Nile red and Hoechst fluorescence staining of cultured cells. (A) WT + PGLA; (B) KO + PGLA; (C) WT + PGLA + SQ 

and (D) KO + PGLA + SQ. (E) Squalene content; (F) flow cytometry analyses of Nile red stained lipid droplets. Follow-up of cell (G) and medium (H) squalene content at 

different time points. Results are expressed as means and SD. In these experiments, cells were incubated for 72 hours in the presence of PGLA-squalene, then this medium 

was removed, and cells washed and analysed at this time-point and 24 h after incubation in a medium deprived of PGLA-squalene. (I) Squalene content with and without 

squalene epoxidase inhibition. Cyp2b10 (J), Cyp2c55 (K) and Cyp3a41 (L) mRNA expressions. Results are expressed as mean ± SD of three preparations in duplicate. Statistical 

analysis was conducted using a two-way ANOVA. TXNDC5 demonstrates the impact of its deficiency, while squalene reveals the effects of its administration. The combined 

effect of both is seen through their interaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

markers ACSL1, COX4I1, CPT2, VDAC [35] were present, while per-

oxisomal and Golgi markers were almost absent. Surprisingly, a cy-

tosolic marker GAPDH was increased, whereas ATPCL [31] was not

detected. Regarding ER-localized proteins, a particular profile was

also observed, while CES3 or CANX were found, in agreement with

Kramer et al. [23] , PEMT or GRP78 [35] were absent in our LD

preparation, so was VPS13A, proposed by Krahmer et al. [36] as ER

protein capable of contacting with mitochondria. Another ER pro-

tein, TXNDC5, also previously found in lipid droplets [23] , accumu-

lated in this subcellular compartment in the hydrocarbon-fed mice

and as expected, was absent in TXNDC5-KO mice. Lipid droplet-

associated proteins have been proposed as the drivers to achieve

their metabolic functions [36] . While the extent of dietary inter-
vention has been shown to modulate the number of LD-associated

proteins [36] as well as the duration of fasting [23] , little attention

has been paid to the amount of fat provided [35] and even less to

the composition of those dietary fats or oils. In light of the present

findings, where a single fatty compound, squalene, has a profound

impact, a new avenue is emerging. 

The male TXNDC5-KO mice were unable to store squalene

in lipid droplets following the pattern observed in the whole

liver, which was reproduced in vitro using squalene delivered as

nanoparticles to AML12-WT and AML12-TXNDC5-KO hepatic cell

lines, observing a lower amount of squalene in the absence of

TXNDC5. This would suggest that hepatocytes are the main cells

involved in this squalene storage. Furthermore, using a squa-
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Fig. 8. Summary of the proposed mechanism in the absence of TXNDC5 in the accumulation or secretion of squalene. Wild-type (WT) mice receiving a purified Western 

diet (without squalene) and WT mice receiving a purified 1%-squalene enriched Western diet (with squalene). TXNDC5-knock-out (KO) mice fed the Western diet (without 

squalene) and TXNDC5-KO mice fed the purified 1%-squalene enriched Western diet (with squalene). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lene epoxidase inhibitor without squalene administration, a higher

amount of squalene was also observed in AML12-WT and this pro-

cess was impaired in the absence of TXNDC5. To gain more in-

sight into the altered mechanisms of squalene accumulation or fa-

vored secretion in this experimental setting, a proteomic approach

of lipid droplets was performed. A highly stringent protein selec-

tion scheme to detect those responding to the squalene adminis-

tration under all conditions led to the identification of ALDH1L1,

FH, ADK, AGMAT, CALR, and APMAP. Independent confirmation by

Western blot analysis showed that CALR and APMAP were associ-

ated with lipid droplets in the presence of squalene and this fact

was influenced by TXNDC5. The change in CALR was neither tran-

scriptional nor translational, as its hepatic mRNA and protein levels

were not altered. CALR was involved in preventing the secretion of

Z-antitrypsin (ZAAT) in a complex with ERdj3 through an exosome-

mediated pathway [37] . When ERdj3 was depleted [38] , the rate

of ZAAT degradation in hepatocytes increased by redirecting ZAAT

proteasome-dependent degradation through autophagosome for-

mation. Our lipid droplets were depleted of ERdj3, but although

they contained antitrypsin, this was not enriched by squalene ad-

ministration. Squalene seems to modulate the presence of CALR in

lipid droplets only in the presence of TXNDC5, favoring its accu-

mulation. A hypothetical situation would be that incorrect CALR

modulation in the absence of TXNDC5 promotes squalene secretion

through an exosome-mediated pathway. Adipocyte plasma mem-

brane associated protein (APMAP, also known as C20orf3) has been

proposed as a plasma membrane and endoplasmic reticulum pro-

tein with hydrolase activity. Originally discovered in adipocytes, it

has also been described in the liver [39 , 40] . The observed changes

in APMAP are related to its lipid droplet association, since no

change was observed in liver homogenate, nor in mRNA levels. The

reduced accumulation of squalene in the whole liver of TXNDC5-

KO mice would favor an exosome-mediated pathway of secretion

of this compound, and the role of APMAP as a membrane linker

would contribute to this ( Fig. 8 ). These findings suggest a cen-

tral role for TXNDC5 in maintaining squalene in lipid droplets in

hepatocytes. Experiments in yeast have shown that the accumu-

lation of squalene in lipid droplets avoids undesirable effects of

this compound such as growth defects and loss of viability [41] .

In addition, squalene storage increases with LD volume expansion

and is easily deformed to move through intertwined chains of tri-

acylglycerols in the LD core [42] . Furthermore, the sequestering

of squalene in lipid droplets would limit the activation of squa-

lene monooxygenase and cholesterol biosynthesis [43] . In a model

of steatohepatitis, squalene supplementation decreased some hep-
atic triglyceride species (TG[54:2], TG[55:0], and TG[55:2]) [44] . In

light of these findings, squalene plays an important role on lipid

droplets and these are involved in limiting its action. The present

findings indicate that squalene requires TXNDC5 to be retained in

LD. Otherwise, it is lost via a putative exosomal pathway. How-

ever, inactivation of TXNDC5 has been found to reduce liver fi-

brosis [45] . Further experimental support is needed to reconcile

these findings and the suggestive hypotheses emerging from this

work. 

Hepatic expressions of previously characterized squalene gene

targets ( Cyp2b10, Cyp2c55, or Cyp3a41 ) [16] were analyzed to inves-

tigate whether or not the response was modified by the absence

of TXNDC5 either in vivo or in vitro . While both models repro-

duced the induction of Cyp2c55 and Cyp3a41 by squalene adminis-

tration, the changes in Cyp2b10 were different between the in vivo

and the in vitro approaches. Equally different was the relevance

of the TXNDC5 absence, while maintaining a tendency it hardly

modified the squalene effect, in vivo or in vitro , respectively. These

gene changes are consistent with the data that some changes in

gene expression in squalene action are carried out independently

of its accumulation in lipid droplets, which is in agreement with

the early work of Tilvis et al. who proposed two pools of squalene

in adipocytes [46] . 

In conclusion, squalene accumulation in lipid droplets is sex

dependent on TXNDC5, but its downstream effects on gene ex-

pression are independent of this protein. The lack of hepatic

squalene accumulation in LD in the absence of TXNDC5 would be

possible through an exosome-mediated pathway involving CALR

and APMAP. Our results also highlight the importance of a single

dietary component, squalene, on the dynamics of LD-associated

proteins and the role of TXNDC5 in controlling specific lipid

droplets. 
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