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H E A L T H  A N D  M E D I C I N E

Lowering apolipoprotein CIII protects against high-fat 
diet–induced metabolic derangements
Ismael Valladolid-Acebes1, Karin Åvall1, Patricia Recio-López1, Noah Moruzzi1, 
Galyna Bryzgalova1, Marie Björnholm2, Anna Krook3, Elena Fauste Alonso1,4, Madelene Ericsson5, 
Fredrik Landfors5, Stefan K. Nilsson5, Per-Olof Berggren1,6,7,8,9, Lisa Juntti-Berggren1*

Increased levels of apolipoprotein CIII (apoCIII), a key regulator of lipid metabolism, result in obesity-related 
metabolic derangements. We investigated mechanistically whether lowering or preventing high-fat diet (HFD)–
induced increase in apoCIII protects against the detrimental metabolic consequences. Mice, first fed HFD for 
10 weeks and thereafter also given an antisense (ASO) to lower apoCIII, already showed reduced levels of apoCIII 
and metabolic improvements after 4 weeks, despite maintained obesity. Prolonged ASO treatment reversed 
the metabolic phenotype due to increased lipase activity and receptor-mediated hepatic uptake of lipids. Fatty acids 
were transferred to the ketogenic pathway, and ketones were used in brown adipose tissue (BAT). This resulted in 
no fat accumulation and preserved morphology and function of liver and BAT. If ASO treatment started simulta-
neously with the HFD, mice remained lean and metabolically healthy. Thus, lowering apoCIII protects against and 
reverses the HFD-induced metabolic phenotype by promoting physiological insulin sensitivity.

INTRODUCTION
Apolipoprotein CIII (apoCIII) is an 8.8-kDa polypeptide and is 
predominantly produced in liver (1, 2). ApoCIII plays an important 
role in lipid metabolism by affecting triglyceride-rich lipoprotein 
(TRL) lipolysis and hepatic uptake of TRL (3–6). It is well known 
that increased circulating levels of apoCIII are associated with 
hypertriglyceridemia and cardiovascular diseases (CVDs) (4, 7, 8). 
Large-scale epidemiological studies have shown that loss-of-function 
mutations in the apoCIII gene are related to protection against 
CVD (9), whereas apoCIII gene variants resulting in increased lev-
els of the apolipoprotein are associated with nonalcoholic fatty liver 
disease (NAFLD), hepatic insulin resistance, and type 2 diabetes 
mellitus (T2DM) (10, 11). Insulin suppresses the expression of the 
apoCIII gene, and under T2DM conditions, i.e. hyperglycemia, 
hyperinsulinemia, and insulin resistance, there is an increased 
expression of the gene (12–14).

Obesity is a severe risk factor for metabolic derangements, in-
cluding diabetes mellitus and NAFLD, and it has been shown that 
serum levels of apoCIII increase upon consumption of high-fat diet 
(HFD) (1). Previous reports have also shown that global apoCIII 
deficiency aggravates diet-induced obesity (DIO) and insulin resist-
ance in mice (15). Hence, it seems that either high apoCIII levels 
or complete deficiency of the apolipoprotein is equally deleterious 

from the metabolic point of view. Therefore, we hypothesized that 
lowering of apoCIII protects against HFD-induced metabolic im-
pairments. We show that interference with HFD-induced increase 
in apoCIII in mice prevents the development of obesity and 
T2DM. Moreover, we found that reduction of high apoCIII levels in 
obese mice on HFD reversed their detrimental metabolic phenotype.

RESULTS
Lowering apoCIII in mice on HFD improves their 
metabolic status
To evaluate the effects of lowering apoCIII in DIO, we designed a 
prevention and reversibility study where 8-week-old male C57BL6/j 
(B6) mice were fed an HFD and treated twice per week with intra-
peritoneal injections with either an active antisense oligonucleotide 
(ASO) targeting apoCIII mRNA or an inactive/scrambled (Scr) 
ASO (16), as specified in fig. S1A.

We have performed experiments in three cohorts of mice. Two 
cohorts were used in the prevention and reversibility studies, and 
data on body weight (BW) of these two cohorts are provided in 
Fig. 1A. The third cohort was used for studies of energy homeo-
stasis in metabolic cages, and data on their BWs, which were similar 
to the other two cohorts, are shown in fig. S1B. The Scr and active 
ASOs used in our studies were developed and tested for specificity 
and toxicity by the IONIS Pharmaceutical Company. They showed 
that the Scr ASO, as well as saline, had no effect on the apoCIII lev-
els, while the active ASO lowered apoCIII in C57BL/6 mice on chow 
or Western diet (16).

As absence of apoCIII is known to be deleterious (15), our aim 
with the ASO treatment was to lower, but not totally suppress, the 
presence of the apolipoprotein.

Mice on HFD simultaneously given ASO (ASO 14w) had a nor-
mal age-related weight gain during the first 4 weeks of the study but 
thereafter remained lean (P < 0.01 to P < 0.001; Fig. 1A). Scr-treated 
mice (Scr 14w and Scr 4w) and those first being on HFD for 10 weeks 
and thereafter treated with the active ASO during the last 4 weeks 
(ASO 4w) remained obese until the end of the studies (Fig. 1, A to C). 
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Nuclear magnetic resonance (NMR) confirmed these results and 
showed that fat mass was only reduced in ASO 14w (P < 0.001), 
while lean mass remained unchanged among the groups (Fig. 1D 
and fig. S1, C and D). In agreement with these findings, plasma 
leptin levels were only reduced in the nonobese mice (ASO 14w, 
P < 0.05; Fig. 1E). ApoCIII mRNA and protein levels were decreased 
in liver and plasma in both ASO-treated groups, as compared to 
Scr-treated mice (P < 0.001; Fig. 1, F to H). Furthermore, because 

the apoCIII gene is located within the apoAI and apoAIV gene 
cluster (17), we have confirmed that there is no effect of the ASO on 
liver apoAI or apoAIV mRNA levels (fig. S1, E and F).

To assess energy homeostasis, mice were placed in metabolic 
cages and evaluated for indirect calorimetry, food intake, and loco-
motion at the end of the studies. Before placing the animals in meta-
bolic cages, they were acclimatized in single cages for 24 hours in 
accordance with our ethical permit. Although this may seem like a 
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Fig. 1. Lowering apoCIII in mice on HFD improves the metabolic status. (A) Body weight (BW). Black arrow indicates start of ASO treatment in the prevention study 
(week 0), and white arrow in the reversibility study (week 10, N = 10 to 11). (B and C) Representative pictures of mice treated for (B) 14 weeks with Scr (left) and ASO (right) 
and (C) 4 weeks with Scr (left) and ASO (right). (D) Fat–to–lean mass ratio analyzed with NMR (N = 6). (E) Twelve-hour fasting plasma leptin levels (N = 4). (F) Liver mRNA 
levels of apoCIII analyzed by qRT-PCR (N = 10). (G and H) Representative immunoblots and densitometry analysis of apoCIII in (G) liver and (H) plasma (N = 7 and 6, respectively). 
(I to N) Parameters evaluated in metabolic cages (CLAMS) at the end of the studies (N = 7 to 8). (I) Calorie intake. (J) Locomotion (x and y axes). (K) Oxygen consumption 
(VO2). (L) Carbon dioxide production (VCO2). (M) Respiratory exchange ratio (RER). (N) Calculated energy expenditure (EE). Data are presented as mean ± SEM. *ASO 14w 
versus Scr 14w; #ASO 4w versus Scr 4w. Single symbol, P < 0.05; double symbol, P < 0.01; and triple symbol, P < 0.001. Photo credit: Ismael Valladolid-Acebes, The Rolf Luft 
Research Center for Diabetes and Endocrinology, Karolinska Institutet.
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relatively short period of time, there is little evidence that single 
housing induces stress, because fecal corticosterone levels of sin-
gly housed mice do not differ from those of group-housed indi-
viduals (18).

There were no differences in calorie intake or locomotion among 
the groups (Fig. 1, I and J, and fig. S1, G and H). However, ASO 14w 
showed an increase in oxygen consumption (VO2, P < 0.05), carbon 
dioxide production (VCO2, P < 0.05), and, consequently, a higher 
respiratory exchange ratio (RER; P < 0.05 to P < 0.01), indicating 
higher energy expenditure (P < 0.05; Fig. 1, K to N, and fig. S1, I 
to L). Similar tendencies were observed in the obese mice after 4 weeks 
on ASO, mostly affecting RER (Fig. 1M and fig. S1K).

Lowering apoCIII affects brown adipose tissue
Brown adipose tissue (BAT) thermogenesis is under the control of 
the sympathetic nervous system via activation of the 3-adrenergic 
receptor (ADRB3) (19, 20). The expression levels of ADRB3 were 
increased in BAT from ASO-treated mice (P < 0.05 to P < 0.01; 
Fig. 2A). In accordance with an enhanced metabolic activity, the 
body temperature was higher in ASO 14w (P < 0.05) and, after 4 weeks 
on ASO treatment, it began to increase in the still obese ASO 4w 
(Fig. 2B). There were distinct differences in BAT morphology with massive 
fat accumulation in Src-treated mice, a clear improvement already 
after 4 weeks on ASO, and normal appearance when HFD-induced 
increase in apoCIII was prevented (Fig. 2C and fig. S2A). It has been 
shown that BAT is important for clearance of triglycerides (Tgs) in 
rodents by a process dependent on lipoprotein lipase (LPL) activity 
(21, 22). Because apoCIII inhibits LPL, we wanted to clarify whether 
lowering apoCIII could stimulate the activity of LPL in BAT. Support 
for a more metabolically active BAT in our ASO-treated animals was 
suggested by the increased LPL activity, which reached statistical 
significance in ASO 4w (P < 0.01), together with the up-regulation 
of the thermogenic genes, namely, uncoupling protein 1 (UCP-1), 
peroxisome proliferator–activated receptor- coactivator1 (PGC-1), 
cell death–inducing DNA fragmentation factor –like effector A 
(CIDEA), and positive regulatory domain–containing 16 (PRDM-16) 
(P < 0.05 to P < 0.001; Fig. 2, D and E).

Improved glucose homeostasis and insulin sensitivity upon 
apoCIII reduction
Preventing HFD-induced increase in apoCIII preserved insulin 
sensitivity, and already after 4 weeks of ASO treatment, there was an 
improvement in glucose and insulin tolerance [intraperitoneal glucose 
tolerance test (IPGTT) and intraperitoneal insulin tolerance test 
(IPITT), respectively], as well as glucose-stimulated insulin secre-
tion (GSIS) (P < 0.05 to P < 0.001), despite maintained BW and 
continuation on HFD (Fig. 2, F to H, and fig. S2, C to E). As a mark-
er of insulin sensitivity, we measured plasma adiponectin (23) and 
found that all ASO-treated mice had an increase of this adipokine 
(P < 0.05 to P < 0.01; fig. S2B).

To evaluate hepatic gluconeogenesis, a pyruvate tolerance test 
[intraperitoneal pyruvate tolerance test (IPPTT)] was performed. 
The bolus dose of pyruvate elicited a reduced glycemic excursion in 
ASO 14w (P < 0.05). In addition, in mice treated for 4 weeks, there 
were signs of improvement reflected by a decrease in hepatic gluco-
neogenesis (Fig. 2I and fig. S2F). Additional signs of decreased glu-
coneogenesis in the ASO-treated mice were lower levels of fasting 
blood glucose (P < 0.05) and plasma insulin (P < 0.05) in ASO 14w 
and of circulating glucagon in both ASO 4 and 14w (P < 0.05 to 

P < 0.01; Fig. 2, J to L). Furthermore, the gene encoding glucose-6- 
phosphatase (G-6-P), the key enzyme regulating liver gluconeo-
genesis, was down-regulated in liver from all ASO-treated mice 
(P < 0.01; Fig. 2M).

Liver function in ASO-treated mice on HFD
ApoCIII regulates lipid metabolism by inhibiting lipases (24, 25). 
Because LPL is not expressed in the liver of adult humans and ani-
mals (26), we instead determined hepatic lipase (HL) activity. Our 
results show that ASO-treated mice exhibited higher liver HL activ-
ity, reaching statistical significance in ASO 14w (P < 0.05; Fig. 3A).

A previous work has demonstrated that decreasing apoCIII 
enhances low-density lipoprotein (LDL) family receptor–mediated 
hepatic clearance of TRL particles (5). We found increased expres-
sion of LDL receptors (LDLR) and LDLR-related protein 1 (LRP1) 
already after 4 weeks of ASO treatment (P < 0.05 to P < 0.001), whereas 
the scavenger receptor class B type 1 (SR-B1) was up-regulated 
only in ASO 14w (P < 0.001; Fig. 3B). An enhanced hepatic lipid 
clearance from the systemic circulation together with increased 
lipase activity in our ASO-treated mice was supported by the im-
proved plasma lipid profiles in these animals, the major differences 
being in very LDL (VLDL)–Tgs and intermediate-density lipo-
protein (IDL)/LDL– Tgs (P < 0.05 to P < 0.001; Fig. 3, C and D, and 
fig. S3, A to H).

Despite a daily intake of large amounts of fat, the morphology of 
the liver was preserved when the increase in apoCIII was prevented, 
while there was steatosis and higher liver Tgs in the Scr-treated 
mice (P < 0.05 to P < 0.01; Fig. 3, E and F, and fig. S3I). Somewhat 
unexpected, the still obese mice had, after 4 weeks of ASO treatment, 
a clear reduction in fat and Tgs in the liver (P < 0.05; Fig. 3, E and F, 
and fig. S3I). Hence, an important finding in this study is that a 
lowering in apoCIII prevents/reverses liver fat accumulation.

As a measure of liver function, aspartate aminotransferase 
(AST) and alanine aminotransferase (ALT) were analyzed in plas-
ma. These enzymes were increased, as a sign of liver damage, in 
Scr-treated compared to ASO-treated mice (P < 0.05 to P < 0.001; 
Fig. 3, G and H).

Lipid catabolism and ketogenesis
In liver, expression of the major intracellular lipases that regulate 
Tg turnover, adipose triglyceride lipase (ATGL) and hormone- 
sensitive lipase (HSL), was up-regulated in ASO-treated mice (P < 0.05 
to P < 0.001; Fig. 4A). The hydrolyzed fatty acids are known to be 
channeled to fatty acid oxidation (FAO) and to activate peroxisome 
proliferator–activated receptor- (PPAR-) and its target gene 
carnitine palmitoyltransferase 1a (CPT-1a) (27–29), both of them 
being up-regulated in animals with reduced apoCIII (P < 0.05 to 
P < 0.01; Fig. 4A). Estimation of whole-body FAO in vivo, according 
to the previously described method (30–32), revealed that although 
the rate of FAO seems to be higher in ASO-treated mice from the 
prevention study, it was not statistically significant (Fig. 4B and fig. 
S4A). As obesity and insulin resistance are known activators of de novo 
lipogenesis (DNL) (33), we analyzed important regulators of this 
pathway in the liver. Sterol regulatory element–binding protein-1 
(SREBP-1), acetyl–coenzyme A (CoA)–carboxylase (ACC), and fatty 
acid synthase (FAS) were down-regulated in both groups of ASO- 
treated mice (P < 0.01 to P < 0.001), whereas the expression of 
cytosolic 3-hydroxy-3methylglutaryl-CoA synthase (cytHMGCoAS)  
was decreased only in ASO 14w (P < 0.001; fig. S4B).
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Decreasing apoCIII also led to a rise in the hepatic ketogenic 
pathways with augmented expression of the enzymes acetyl-CoA 
acetyltransferase (ACAT-1), 3-hydroxy-3-methylglutaryl-CoA 
synthase 2 (HMGCS2), 3-hydroxy-3-methylglutaryl-CoA lyase 
(HMGCL), and 3-hydroxybutyrate dehydrogenase 1 (BDH-1) (P < 0.05 
to P < 0.001; Fig. 4C). The latter encodes the protein that catalyzes 
the interconversion of acetoacetate (ACAC) and -hydroxybutyrate 
(BHB), the two major ketone bodies produced during fatty acid 

catabolism (34), and we confirmed that the protein levels and ac-
tivity of liver BDH-1 were increased in ASO-treated mice (fig. S4, 
C and D). Plasma levels of ACAC were unaltered, while there was a 
decrease in BHB in ASO-treated mice (P < 0.05; Fig. 4, D and E). 
The transcription levels of monocarboxylate transporter-1 (MCT-1), 
which transports ketone bodies (34), remained unchanged in liver 
and was up-regulated in BAT (P < 0.001; Fig. 4, C and F). These 
findings indicate that lowering apoCIII shifts liver lipid metabolism 
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Fig. 2. Lowering apoCIII affects BAT and improves glucose homeostasis and insulin sensitivity. (A) BAT mRNA levels of ADRB3 analyzed by qRT-PCR (N = 6). (B) Body 
temperature (N = 6). (C) Representative images of hematoxylin and eosin–stained cryosections from BAT. Scale bar, 50 m (N = 4). (D) LPL activity in BAT (N = 6). (E) Expression 
of thermogenic genes in BAT by qRT-PCR (N = 6). (F to I) In vivo metabolic tests performed at the end of the studies. Injection of bolus doses is indicated with arrows 
(black, glucose; blue, insulin; and green, pyruvate). (F) Glucose tolerance test (IPGTT; N = 6), (G) glucose-stimulated insulin secretion (GSIS) during IPGTT (N = 4), (H) insulin 
tolerance test (IPITT; N = 6), and (I) pyruvate tolerance test (IPPTT; N = 4 to 5. (J to L) Twelve-hour fasting levels of (J) blood glucose (N = 4 to 5), (K) plasma insulin (N = 4), 
and (L) plasma glucagon (N = 4). (M) Liver mRNA levels of G-6-P analyzed by qRT-PCR (N = 6). Data are presented as mean ± SEM. *ASO 14w versus Scr 14w; #ASO 4w versus 
Scr 4w. Single symbol, P < 0.05; double symbol, P < 0.01; and triple symbol, P < 0.001.
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toward ketogenesis and drives extrahepatic uptake of ketones by 
BAT. Analysis of markers for ketolysis, BDH-1, 3-oxoacid CoA- 
transferase (OXCT-1), and ACAT-1, showed an increase in BAT 
from ASO-treated mice (P < 0.01 to P < 0.001; Fig. 4F). Lowering 
apoCIII also affected lipid catabolism by transcriptional activation 
of PPAR-, the intracellular lipases ATGL and HSL, as well as the 
main transcription factor for FAO in BAT, CPT-1b (P < 0.05 to 
P < 0.001; Fig. 4F).

ApoCIII reduction reverses the metabolic phenotype 
induced by HFD
To clarify whether prolongation of ASO treatment is able to re-
verse DIO and related metabolic derangements, we designed a 
long- lasting reversibility study where mice were first fed an HFD 
for 10 weeks and thereafter also treated with either active ASO 
(HFD + ASO) or Scr (HFD + Scr) for 14 weeks (fig. S5A). After 
5 weeks, HFD + ASO mice had a lower BW (P < 0.05 to P < 0.001; 
Fig. 5A), and at the end of the study, these mice had a similar weight 
reduction as those in the prevention study (Fig. 5, A and B). In line 
with the decreased BW, there was a reduction in perigonadal 

adipose tissue (PgAT) (P < 0.01), lower leptin levels (P < 0.05), 
and an increase in circulating adiponectin in HFD + ASO mice 
(P < 0.01; Fig. 5, C to E). Hepatic mRNA and protein levels, as well 
as plasma apoCIII, remained low in the ASO-treated mice (P < 0.05; 
Fig. 5, F to H).

Moreover, glucose, insulin, and pyruvate tolerance tests, plasma 
glucagon, lipid profiles, liver Tgs, and plasma AST and ALT under-
score that prolongation of ASO treatment was able to reverse the 
metabolic phenotype (P < 0.05 to P < 0.001; Fig. 5, I to P, and fig. S5, 
B to L).

DISCUSSION
High blood glucose levels and insulin resistance in DIO are known 
to increase apoCIII (13, 14). Several studies in mice and humans 
indicate that apoCIII regulates multiple steps in lipid metabolism, 
including hepatic uptake of lipids from the circulation (5, 35, 36), 
conversion of TRL to LDL, and activity of lipases (24, 2). Receptor- 
mediated hepatic clearance of lipoprotein particles has been dem-
onstrated to be enhanced by decreasing apoCIII (5, 35, 36). The 
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primary effect of apoCIII reduction is an increased breakdown of 
circulating lipids due to enhanced lipolysis (Fig. 6). A decrease in 
circulating Tgs and remnant cholesterol particles, less accumula-
tion of atherogenic lipoproteins in the artery wall, and reduced en-
dothelial inflammation result in a diminished risk for CVD (37).

We now show that interference with apoCIII during HFD intake 
activates lipases and improves hepatic clearance and catabolism of 
lipids from the circulation. Our work also reveals that lowering 
apoCIII shifts liver lipid metabolism toward ketogenesis and uptake 
of ketones by BAT. Hence, as a result of decreased levels of the 
apolipoprotein, there is a normalization in insulin sensitivity and an 
increase in FAO and ketogenesis, while DNL and gluconeogenesis 
are inhibited. The ketones are taken up and used for energy produc-
tion in BAT. The metabolic activity of BAT is inversely correlated 
with the fraction of fat in the tissue, while the lipid-burning capacity 
is directly related to insulin sensitivity (38, 39), which was confirmed 
by our results showing an improved glucose homeostasis and insulin 
sensitivity in the ASO-treated mice.

The overall positive effect on the metabolic phenotype of the 
ASO-treated mice on HFD is caused by an efficient use of fat for 
fuel instead of storage and a maintained/restored insulin sensitivity, 
preventing deleterious metabolic consequences (Fig. 6). We could 
not only prevent the detrimental effects of a diet rich in fat but also 
reverse its metabolic derangements by lowering apoCIII despite a 
continued intake of HFD.

There are several limitations in our study. One is that the 
temperature in our animal rooms and in the metabolic cages is 
22°C. Thermoneutral temperature for most experimental animals 
(and naked humans) lies close to 30°C. Hence, animals kept at 
room temperature have an increased metabolism to maintain body 
temperature. Chronic exposure to room temperature will thus re-
sult in nonshivering thermogenesis, with BAT being the main site. 
In animals that live at 20°C, cold stress is not induced until around 
5°C (40, 41). Because all our mice have been exposed to 22°C for 
their entire life, it is unlikely that lower than thermoneutral ambient 
temperature will affect the interpretation of our data.
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We are also aware of the fact that there are challenges in analyz-
ing rodent energy metabolism (18, 42). Hence, changes in BW 
may partly drive the observed effects shown in Fig.  1M and fig. 
S1K. However, still obese mice on HFD, treated for only 4 weeks 
with ASO, show a tendency to an increase in RER. Because this 

limitation is known to us, we do not base our conclusions on the 
effects of decreasing apoCIII on data solely from the metabolic 
cages. These results are used together with data on glucose homeo-
stasis, insulin sensitivity, body temperature, morphology of liver 
and BAT, as well as phenotype of the animals.

Fig. 5. ApoCIII reduction reverses the metabolic phenotype induced by HFD. (A) Body weight (BW). Black arrow indicates start of ASO treatment (week 10, N = 12). 
(B) Representative pictures of mice from the long-lasting reversibility study treated for 14 weeks with Scr (left) and ASO (right). (C) PgAT weight in relation to BW (N = 7). 
(D and E) Twelve-hour fasting plasma levels of (D) leptin (N = 4) and (E) adiponectin (N = 6). (F) Liver mRNA levels of apoCIII analyzed by qRT-PCR (N = 4). (G and H) Repre-
sentative immunoblots and densitometry analysis of apoCIII in (G) liver and (H) plasma (N = 4). (I to K) In vivo metabolic tests performed at the end of the study. Injection 
of bolus doses is indicated with arrows (black, glucose; blue, insulin; and green, pyruvate). (I) IPGTT (N = 5), (J) IPITT (N = 5), and (K) IPPTT (N = 5). (L) Twelve-hour fasting 
plasma glucagon levels (N = 4). (M) Representative chromatograms for Tg lipid profiles measured in VLDL and chylomicron–, IDL/LDL-, HDL-, and glycerol-eluted plasma 
fractions at the end of the study (N = 7). (N) Spectrophotometric measurements of liver Tg content (N = 7). (O and P) Nonfasting plasma (O) AST (N = 5) and (P) ALT (N = 5). 
Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, HFD + ASO versus HFD + Scr. Photo credit: Ismael Valladolid-Acebes, The Rolf Luft Research 
Center for Diabetes and Endocrinology, Karolinska Institutet.
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Another limitation is that we did not perform tracer studies to 
support our findings that there is an increased use of ketone bodies 
in BAT in ASO-treated mice. The reason for not conducting tracer 
studies is that we did not want to disturb the animals and thereby 
jeopardize the outcome of the metabolic and mechanistic inves-
tigations, which were the focus of the present study. Tracer exper-
iments would have had to be done as separate experiments, and 
for this study, we think that the results we have with increased ex-
pression of the hepatic enzymes ACAT-1, HMGCS2, HMGCL, and 
BDH-1, the latter also demonstrated at the protein and activity 
level, which are involved in the ketone body metabolism, the in-
creased expression in BAT of MCT-1, which transports ketone bodies, 
and the increased expression of the markers for ketolysis BDH-1, 
OXCT-1, and ACAT-1 support our suggestion for an increased use 
of ketone bodies in BAT in the ASO-treated mice. Although tracer 
studies would have made it possible to reach a higher level of evi-
dence, the differences in phenotype, morphology of liver and BAT, 
and prevention/reversion of obesity and of the in vivo results on 
glucose homeostasis and insulin sensitivity are clear findings of 
this study.

In summary, our compiled data suggest that mice consuming 
HFD and simultaneously being subjected to a lowering in apoCIII 
have a more efficient metabolism resulting in normal glucose homeo-
stasis, insulin sensitivity, and lack of obesity despite similar food 
intake and physical activity compared to obese mice solely on HFD.

The fact that increased levels of apoCIII are associated with NAFLD 
highlights the clinical relevance of our studies (10, 11). NAFLD 
represents a spectrum of liver damages, ranging from steatosis to 
nonalcoholic steatohepatitis to cirrhosis (43). NAFLD affects 40 to 
50% of the total population in Europe and the United States, 
and the prevalence is even higher in risk groups with obesity and 
T2DM. This disease can be considered the hepatic component of 
the metabolic syndrome and is closely associated with obesity, in-
sulin resistance, and T2DM. Our findings thus identify apoCIII as a 
central multifaceted drug target in the metabolic syndrome.

MATERIALS AND METHODS
Mice and diets
Male C57BL6/j (B6) mice were purchased from Charles River 
Laboratories at the age of 6 weeks. Mice, housed three to five ani-
mals per cage, were acclimated to our animal facilities for 2 weeks 
from arrival in a temperature- and humidity-controlled room with 
12-hour light/12-hour dark cycles and ad libitum access to water 
and food (R70, Lantmännen, Sweden). At the age of 8 weeks, all 
mice were fed an HFD (60% kcal from fat, Open Source Diets 
D12492, Research Diets). The duration of the diet intervention 
varied depending on the experimental design, from 14 to 24 weeks. 
Animal care and experiments were carried out according to the 
Animal Experiment Ethics Committee at Karolinska Institutet.
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Antisense oligonucleotides
Chimeric 20-mer phosphorothioate ASOs containing 2′-O-methoxyethyl 
groups at positions 1 to 5 and 16 to 20 were provided by IONIS 
Pharmaceutical Company. The sequence of the active antisense 
(ASO) against apoCIII gene (ION-353982) was 5′-GAGAATAT 
ACTTTCCCCTTA-3′ and of the inactive or scrambled (Scr) (ION-
141923) was 5′-CCTTCCCTGAAGGTTCCTCC-3′. Scr and active 
ASO were developed and tested for specificity and toxicity by the 
IONIS Pharmaceutical Company, as previously described (16).

Experimental design
We performed the following studies in B6 mice: (i) a prevention study, 
where ASO treatment started simultaneously with the HFD (in the pre-
vention study, mice were fed an HFD for 14 weeks, starting at week 8 of 
age, and intraperitoneally administered with either ASO or Scr twice 
per week at a dose of 25 mg/kg); (ii) an early reversibility study, where 
mice were fed an HFD for 10 weeks, starting at 8 weeks of age, and there-
after treated intraperitoneally with either ASO or Scr twice per week 
(25 mg/kg) for four additional weeks, still being fed an HFD (the total 
duration of the early reversibility study was 14 weeks); and (iii) a long- 
lasting reversibility study, where mice were fed an HFD for 10 weeks, 
starting at week 8 of age, and thereafter treated intraperitoneally with 
either ASO or Scr twice per week (25 mg/kg) for 14 additional weeks, 
still being fed an HFD (the total duration of the long-lasting revers-
ibility study was 24 weeks). In all studies, BW was determined.

Energy metabolism characterization
To evaluate systemic energy metabolism, mice treated according 
to the prevention and early reversibility protocols were acclimated 
to single cages during a 24-hour period. Thereafter, Scr- and 
ASO-treated mice from both experimental designs were monitored 
for four consecutive days in the Oxymax Lab Animal Monitoring 
System [Comprehensive Laboratory Animal Monitoring System 
(CLAMS), Columbus Instruments] with ad libitum access to food 
except for a 12-hour fasting period during the last night. The fol-
lowing parameters were continuously monitored: calorie intake, 
locomotion, VO2, VCO2, and RER. Locomotion was reported as 
total beam breaks for the x and y axes. Energy expenditure (EE) was 
calculated as previously described (30–32) using the following for-
mula: EE (kcal/kg per hour ) = (3.815 + 1.232 × RER) × VO2. In vivo 
FAO was calculated as previously described (30–32) using the 
following formula: FAO (kcal/kg per hour) = EE × (1 – RER/0.3).

Body composition
Total fat and lean mass were determined in mice from the preven-
tion and early reversibility studies using an EchoMRI-100 system 
(Echo Medical Systems). The measurement is based on NMR, tak-
ing advantage of the different density of the hydrogen nuclei in the 
adipose tissue, water, and bone, as previously described (44). Fat 
mass–to–lean mass ratio was calculated by normalizing the total fat 
mass per the lean mass of every individual mouse.

In mice from the long-lasting reversibility study, the PgAT 
weight was used as an estimation of fat mass accumulation. Tissue 
weight was normalized to whole BW and expressed in milligrams of 
PgAT per gram of BW.

Body temperature
Body temperature was monitored in all studies with a FLUKE 5 
1 K/J thermometer with a rectal probe (Fluke Corporation).

Intraperitoneal glucose tolerance test
Glucose tolerance was monitored in 6-hour fasted mice from all 
studies during daytime. Blood glucose concentrations were measured 
at basal state (0 min) and 10, 30, 60, and 120 min after an intraperi-
toneal glucose injection (2 g/kg BW, intraperitoneally). Glucose 
concentrations were measured with an Accu-Chek Aviva monitoring 
system (F. Hoffmann–La Roche).

Insulin secretion during IPGTTs
Blood samples were collected in Microvette CB 300 K2 EDTA tubes 
(SARSTEDT AG & Co. KG) at all time points of the IPGTTs and 
kept on ice. Thereafter, blood samples were centrifuged at 2500g for 
15 min at 4°C; plasma was collected and preserved at –80°C until 
use. Insulin was analyzed using ultrasensitive mouse insulin enzyme- 
linked immunosorbent assay (ELISA) kits (Crystal Chem Inc.).

Intraperitoneal insulin tolerance test
To monitor whole-body insulin sensitivity, IPITTs were performed 
in mice from all studies after 6-hour fasting during daytime. Blood 
glucose concentrations were measured at basal state. Thereafter, 
mice were given an intraperitoneal injection of insulin [0.25 IU/kg 
of BW, diluted in phosphate-buffered saline (PBS), Novo Nordisk]; 
blood glucose was measured followed by intraperitoneal glucose 
administration (1 g/kg of BW), as previously described (45). Blood 
glucose concentrations were measured at 15, 30, 60, 90, and 120 min 
after glucose injection with an Accu-Chek Aviva monitoring system 
(F. Hoffmann–La Roche).

Intraperitoneal pyruvate tolerance test
To determine liver gluconeogenesis and hepatic insulin sensitivity 
in vivo, 12-hour overnight fasted mice received an intraperitoneal 
injection of pyruvate (2 g/kg of BW, dissolved in PBS). Blood glu-
cose concentrations were measured at basal state (0 min) and 30, 60, 
90, and 120 min after the injection with the Accu-Chek Aviva mon-
itoring system (F. Hoffmann–La Roche). IPPTTs were performed 
in all studies at the end of the experimental designs.

Tissue fixation for histological studies
For tissue fixation, mice were anesthetized with isoflurane and tran-
scardially perfused with PBS followed by freshly prepared 4% para-
formaldehyde in PBS (pH 7.4). Liver and BAT were dissected out 
and postfixed overnight. After fixation, tissue samples were pro-
cessed with a sucrose gradient [10 to 30% (w/v) sucrose solution in 
PBS containing 0.01% (w/v) sodium azide and 0.02% (w/v) bacitracin], 
frozen in dry ice, and preserved at −80°C until use.

Because tissue fixation by alcohol-based fixatives damages tis-
sue lipids, we used 4% neutral-buffered paraformaldehyde solu-
tion for fixation. Tissue processing after fixation (i.e., postfixation 
and cryopreservation by sucrose gradient) never included rinsing 
in alcohol.

Hematoxylin and eosin staining in BAT
Paraformaldehyde-fixed BAT was sectioned into 20-m-thick sec-
tions with a cryostat (Microm HM500M/Cryostar NX70, Thermo 
Fisher Scientific) and collected onto SuperFrost Plus microscope 
slides (VWR International). The sections were rinsed in hematoxylin 
[Sigma-Aldrich; 50% (v/v) diluted in distilled water] for 6 min, washed 
with distilled water, and stained with eosin (Histolab) for 30 s. Af-
ter washing, sections were dried and mounted with VectaMount 
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permanent mounting medium (Vector Laboratories). All procedures 
were performed in a cold room at 4°C. Once the mounting medium 
was solidified, the preparations were brought up to room tempera-
ture and imaged under 10×, 20×, and 40× magnification objectives 
using an optical microscope (Leica). The morphological evaluations 
were performed in three nonconsecutive sections separated by 100 m. 
For each section, three fields of view were collected in four individual 
animals per experimental group.

Liver lipid visualization by Oil Red O staining
Twenty-micrometer-thick cryosections from paraformaldehyde- 
fixed liver tissue were collected onto SuperFrost Plus microscope 
slides. After 2-hour equilibration at room temperature, slides were 
rinsed in 60% (v/v) isopropyl alcohol, stained in freshly prepared 
0.1% (v/v) Oil Red O (ORO) (Sigma-Aldrich) in 60% (v/v) isopro-
pyl alcohol solution for 30 min, and washed in distilled water. The 
ORO-stained sections were rinsed in hematoxylin [Sigma-Aldrich; 
50% (v/v) diluted in distilled water] for 2 min, washed in distilled 
water, and mounted in aqueous media. The sections were immedi-
ately imaged under 10×, 20×, and 40× magnification objectives 
using an optical microscope (Leica). Lipid visualization by ORO 
staining was performed in three nonconsecutive liver sections sepa-
rated by 100 m. For each section, three fields of view were collected 
in four individual animals per experimental group.

Spectrophotometric analysis of liver lipids
Liver tissues were dissected out, weighed, snap-frozen in liquid nitro-
gen, and stored at −80°C until use. Hepatic Tg content was deter-
mined, as previously described (46), by carcass saponification in 
0.1 M KOH in 99% ethanol. Tgs were analyzed using Free Glycerol 
Reagent and Glycerol Standards (Sigma-Aldrich) to construct the 
standard curve. The glycerol concentration (triolein equivalents) was 
measured by spectrophotometry (SAFAS-MONACO) at  = 540 nm 
and determined by extrapolation from the standard curve. Total Tg 
content was expressed as milligrams per gram of liver tissue.

Lipase activity measurements
LPL and HL were determined in tissue samples of BAT and liver, 
respectively. Tissue samples were quickly dissected and immediate-
ly frozen in liquid nitrogen. Thereafter, frozen tissues were homog-
enized in nine volumes of a buffer containing 0.025 M ammonia, 
1% Triton X-100, 0.1% SDS, and protease inhibitor cocktail tablets 
(cOmplete Mini, Roche Diagnosis). Homogenates were centrifuged 
at 10,621g for 15 min at 4°C. The supernatant was incubated, as 
previously described (47), using a 3H-triolein–labeled intralipid 
as a substrate. Samples were gently mixed with scintillation liquid 
(Optiphase, PerkinElmer Inc.) and analyzed using a scintillation counter 
(PerkinElmer, Waltham, MA, Wallac, Win Spectral). Enzyme activity 
was normalized by tissue weight and expressed as milli–international 
units per milligram of tissue.

BDH-1 activity measurements
BDH-1 activity was determined in liver tissue. Tissue samples were 
quickly dissected and immediately frozen in liquid nitrogen. There-
after, 10 to 20 mg of frozen tissue were homogenized in 500 l of 
lysis buffer according to the manufacturer’s instructions (Biomedical 
Research Service Center University at Buffalo, State University of 
New York, USA). Tissue lysates were centrifuged at 20,817g for 5 min, 
and supernatant was used for protein determination. All samples 

were adjusted to a concentration of 2 mg/ml and loaded in quadru-
plicate in plane (uncoated) 96-well plate placed on ice. Thereafter, 
one set of duplicate samples was treated with control solution (con-
taining one part of double-distilled water and nine parts of BDH 
assay solution), and the other set of duplicates was treated with the 
enzyme substrate (containing one part of 10× BDH substrate and 
nine parts of BDH assay solution). Plates were covered and incubat-
ed at 37°C in a temperature-controlled environment without CO2, 
as specified by the manufacturer’s protocol. After 60-min incuba-
tion, absorbance was measured by spectrophotometry (Envision 
2103 Multilabel Reader, PerkinElmer) at  = 492 nm. Thereafter, 
subtraction of the reading of the control wells from the reading of 
the reaction wells for each sample was performed, and enzyme ac-
tivity was determined, as indicated in the manufacturer’s protocol, 
using the following equation: BDH-1 activity in mol of reduced 
form of nicotinamide adenine dinucleotide (NADH)/(L × min) = 
optical density × 12.96. Obtained data were corrected by the mi-
crogram of protein in each well, and activity units were expressed as 
mol of NADH/(L × min)/g of proteins.

Size exclusion chromatography analysis
Lipid profiles were obtained by size exclusion chromatography in 
plasma from mice under nonfasting conditions as previously de-
scribed (48). Plasma lipoproteins were separated by size class using 
a LaChrom Elite high-performance liquid chromatography system 
(Hitachi) and Superose 6 PC 3.2/300 gel column (GE Healthcare). 
Plasma Tg concentrations were determined using a coupled en-
zymatic reaction system (glycerol-3-phosphate oxidase–phenol 
+ aminophenazone method, Roche). The Tgs associated to the dif-
ferent lipoprotein classes were measured as area under the curve 
using EZChrom Elite software (Agilent Technologies).

Plasma biochemistry
For biochemical determinations in plasma, blood samples from 
nonfasted mice were obtained at the end of the experiments, col-
lected in Microvette CB 300 K2 EDTA tubes (SARSTEDT AG & Co. 
KG), and kept on ice. Thereafter, blood samples were centrifuged at 
2500g for 15  min at 4°C; plasma was collected and preserved at 
−80°C until use. Plasma insulin, leptin, and adiponectin were mea-
sured using mouse-specific ELISA kits (Phoenix Pharmaceuticals 
for leptin and Crystal Chem for insulin and adiponectin). For glu-
cagon determination, blood samples were collected in a separate set 
of Microvette CB 300 K2 EDTA tubes (SARSTEDT AG & Co. KG), 
supplemented with aprotinin (500 kIU/ml) kept on ice. Immediate-
ly after, blood samples were centrifuged as specified above and ob-
tained plasma was preserved at −80°C until use. Plasma glucagon 
levels were determined using a mouse-specific glucagon ELISA kit 
(Crystal Chem). Plasma transaminases, AST and ALT, were mea-
sured with mouse-specific commercial ELISA kits (MyBiosource). 
Non-esterified fatty acids were measured by colorimetry using a 
coupled enzymatic reaction system (acyl-CoA synthase–acyl-CoA 
oxidase method, Cell Biolabs Inc.) and ACAC with a nonenzymatic 
colorimetric assay (Abcam). BHB measurements were performed 
using an enzymatic colorimetric assay based on BHB dehydrogenase 
(Abcam). LDL and HDL (high-density lipoprotein) cholesterol were 
determined by the Trinder reaction using colorimetric assays based 
on a modified polyvinyl sulfonic acid (PVS) and polyethylene 
glycol methyl ether (PEGME) coupled classic precipitation method 
(Crystal Chem).



Valladolid-Acebes et al., Sci. Adv. 2021; 7 : eabc2931     12 March 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

11 of 13

RNA isolation and quantitative real-time polymerase 
chain reaction
Tissues were quickly dissected out and put in RNA stabilization 
solution (RNAlater, Invitrogen by Thermo Fisher Scientific). After 
RNA stabilization, samples were preserved at −80°C until use. Total 
RNA was isolated using the RNeasy Lipid Tissue Mini Kit accord-
ing to the manufacturer’s protocol (Qiagen). On-column digestion 
of DNA was performed during RNA purification using RNase-Free 
DNase I set (Qiagen). Total RNA concentrations were determined 
using NanoPhotometer P330 (IMPLEN). One microgram of total 
RNA was used for complementary DNA (cDNA) preparation using 
the High Capacity cDNA Reverse Transcription Kit (Life Technol-
ogies). Quantitative real-time polymerase chain reaction (qRT-PCR) 
was performed in a QuantStudio 5 PCR system thermal cycler 
(Applied Biosystems) with Power-Up SYBR Green PCR Master Mix 
(Applied Biosystems). As control genes for liver target transcripts, 
we used -actin, TATA-binding protein (TBP), and hypoxanthine 
phosphoribosyltransferase 1 (HPRT), and for BAT target tran-
scripts, we used TBP and hydroxymethylbilane synthase (HMBS). 
Analysis of gene expression was performed with the Ct method. 
The relative transcript levels of each target gene were normalized to 
each control gene and to the geometric mean of the cycle threshold 
(Ct) of all control genes used for qRT-PCR analyses in liver and 
BAT. The results are expressed as mRNA levels relative to Scr-treated 
mice. Primer sequences are available in table S1.

Western blotting
For determination of circulating apoCIII, plasma was albumin- 
depleted using AlbuSorb according to the manufacturer’s protocol 
(Biotech Support Group LLC) and resuspended in 0.1% (v/v) triflu-
oroacetic acid. For hepatic apoCIII, liver samples were homoge-
nized in ice-cold buffer containing 0.42 mM NaCl, 20 mM Hepes 
(pH 7.9), 1 mM Na4P2O7, 1 mM EDTA, 1 mM EGTA, 1 mM dith-
iothreitol, 20% (v/v) glycerol, 20 mM sodium fluoride, 1 mM 
Na3O4V, and Halt protease and phosphatase inhibitor cocktail 
(1:100). Tubes containing homogenates were exposed to ther-
mal shock at −80°C in liquid nitrogen and thawed to 37°C in a wa-
ter bath three consecutive times. Thereafter, homogenates were 
centrifuged at 10,000g for 20  min at 4°C, and supernatants were 
collected. Protein concentrations were determined by Bradford as-
say (Bio-Rad). Equal amounts of protein (12.5 g for plasma and 
30 g for liver) were loaded onto a 4 to 12% bis-tris gel (Invitrogen). 
For immunoblotting, membranes were blocked with 5% (w/v) bo-
vine serum albumin in 0.1% (v/v) Tween 20 (Sigma-Aldrich) in 
PBS. After blocking, membranes were probed overnight with either 
a rabbit polyclonal anti-apoCIII primary antibody (1:200; LSBio) or 
a mouse monoclonal anti–BDH-1 antibody (1:1000; Thermo Fisher 
Scientific). After incubation with either anti-rabbit immunoglobu-
lin G (IgG)–peroxidase complexes for apoCIII protein determina-
tion (1:4000 for plasma and 1:2000 for liver; GE Healthcare) or 
anti-mouse IgG–peroxidase complexes (1:1000; GE Healthcare), 
membranes were exposed to commercial enhanced chemilumines-
cence reagents (Clarity Western ECL Substrate, Bio-Rad), and blots 
were developed with a luminescent image analyzer (ChemiDoc 
Touch Imaging System, Bio-Rad). Transferrin was detected as a 
control protein in the membranes loaded with plasma samples by 
using a rabbit polyclonal anti-transferrin primary antibody (1:1000; 
LSBio). Anti-rabbit IgG–peroxidase complexes (GE Healthcare) for 
transferrin detection were used at 1:4000 dilution. -Actin was 

detected as a control protein in those membranes loaded with liver 
samples used for determination of apoCIII protein levels by using a 
mouse monoclonal anti–-actin primary antibody (1:8000; Sigma- 
Aldrich). Anti-mouse IgG–peroxidase complexes (GE Healthcare) 
for -actin detection were used at 1:10,000 dilution. -Tubulin was 
detected as a control protein in those membranes loaded with liver 
samples and tested for BDH-1 protein levels. After detection of pro-
tein levels, membranes were stripped by applying 5% (v/v) acetic 
acid in double-distilled water and incubated for 5 min. Subsequently, 
membranes were washed, blocked overnight, and thereafter probed 
with a mouse monoclonal anti–-tubulin primary antibody (1:4000; 
Thermo Fisher Scientific). Anti-mouse IgG–peroxidase complexes 
(Cell Signaling Technology) for -tubulin detection were used at 
1:1000 dilution. Obtained images were quantified using ImageJ 
software (National Institutes of Health). Details on primary and 
secondary antibodies used are available in table S2.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 5.0. 
Nonparametric two-tailed Mann-Whitney U t test was used when 
two groups were compared, and one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test was used when com-
paring multiple groups. The metabolic parameters VO2, VCO2, en-
ergy expenditure, and in  vivo FAO were analyzed by generalized 
linear modeling as previously described (49), which is equivalent to 
analysis of covariance (ANCOVA). The nonparametric Friedman 
test with repeated measures followed by Dunn’s post hoc test was 
used for statistical analyses of RER. Statistical significance was de-
fined as P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/11/eabc2931/DC1

View/request a protocol for this paper from Bio-protocol.
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