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Abstract

Sortilin 1 (Sort1) is a trafficking receptor that has been implicated in the regulation of plasma 

cholesterol in humans and mice. Here, we use metabolomics and hyperinsulinemic-euglycemic 

clamp approaches to obtain further understanding of the in vivo effects of Sort1 deletion on diet-

induced obesity as well as on adipose lipid and glucose metabolism. Results show that Sort1 
knockout does not affect Western diet-induced obesity or adipose fatty acid and ceramide 

concentrations. Under the basal fasting state, chow-fed Sort1 knockout mice have decreased 

adipose glycolytic metabolites, but Sort1 deletion does not affect insulin-stimulated tissue glucose 

uptake during the insulin clamp. These results suggest that Sort1 loss-of-function in vivo does not 

affect obesity development, but differentially modulates adipose glucose metabolism under fasting 

and insulin-stimulated states.
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Introduction

Sortilin 1 (Sort1) is one of the several vacuolar protein sorting 10 protein (VPS10P)-domain 

receptors. The VPS10P-domain receptors are single transmembrane receptors that bind 

various functionally–unrelated proteins and mediate their intracellular vesicular trafficking 

to the endocytic pathway either from the trans-Golgi apparatus or after endocytosis (1). 

Recent genome-wide association studies (GWAS) revealed that SORT1 gene was strongly 

associated with plasma low-density lipoprotein cholesterol concentrations and the risk of 

cardiovascular disease in large human populations (2, 3). In experimental models, hepatic 

Sort1 has been shown to modulate hepatic VLDL production and plasma lipoprotein 

clearance (4–10). Furthermore, Sort1 knockout mice showed reduced atherosclerosis, which 

may be attributed to attenuated macrophage activation (11, 12) and vascular calcification 

(13).
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Sort1 is highly expressed in adipocytes. Previous studies identified Sort1 as an essential 

component of the GLUT4 storage vesicle (GSV) (14, 15). The N-terminal luminal domain 

of Sort1 interacts with Glut4, while the cytoplasmic tail of Sort1 interacts with adaptor 

proteins to facilitate GSV formation (16–21). It has been shown in both adipocytes and 

myocytes that Sort1 was required for insulin-dependent glucose uptake (20, 22–24). 

However, no studies so far have investigated the in vivo impact of Sort1 deficiency on 

glucose metabolism in fat tissues. Paradoxically, a more recent study showed that Sort1 KO 

mice were protected against high fat diet-induced obesity and showed improved insulin 

sensitivity in an insulin tolerance test, which was partially attributed to lower acid 

sphingomyelinase (aSMase) activity in the liver and the adipose tissue (25). Because obesity 

and adipose lipid and glucose metabolism profoundly impact hepatic lipid production and 

plasma lipid concentration, there is a clear need to clarify the role of Sort1 in the regulation 

of obesity and adipose lipid and glucose metabolism under physiological and pathological 

settings in vivo. Such knowledge is needed to improve current understanding of the novel 

role of Sort1 in the regulation of lipid metabolism and inflammation in health and disease 

processes.

In this study, we investigated the impact of Sort1 loss-of-function on obesity, adipose lipid 

and glucose metabolism by using metabolite analysis and hyperinsulinemic-euglycemic 

clamp study. Findings from this study showed that Sort1 KO mice had decreased adipose 

glycolytic metabolites at basal fasting state. However, Sort1 deficiency did not affect 

Western diet-induced obesity and adipose fatty acid and sphingolipid concentration, and had 

no significant effect on insulin-stimulated tissue glucose uptake during the 

hyperinsulinemic-euglycemic clamp study under either chow-fed condition or after diet-

induced obesity.

Materials and Methods

Reagents

The antibodies against Sort1 (ab16640; Lot: GR64653-1), Glut4 (ab654; Lot: GR101575-1) 

and α-Tubulin (ab7291; Lot: GR122217-1) were purchased from Abcam (Cambridge, MA). 

The antibody against Histone 3 (9717; Lot: 8) was purchased from Cell Signaling 

Technology (Danvers, MA). The antibody against Actin (A5441; Lot: 063M4808) was 

purchased from Sigma (St. Louis, MO).

Mice

Global Sort1 KO mice were purchased from Taconic Biosciences Inc. as described 

previously (10). The Sort1 gene was silenced by gene trapping technology that inserted a 

stop codon into the second intron of the Sort1 gene. Mice were obtained on mixed 

background (129/SvEv/C57BL/6) and were backcrossed to C57BL/6J (The Jackson Lab) for 

multiple generations. Male F7 and F8 generations of Sort1 KO and WT littermates were 

used for this study. Western diet feeding was initiated when mice were 10 weeks of age. All 

mice were maintained on a standard chow diet and water ad libitum. The Western diet (TD.

88137, Harlan Teklad) contains 21% milk fat (w/w) and 0.2% cholesterol. All animal 

protocols were approved by the Institutional Animal Care and Use Committee.
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Western blot

Tissue homogenates were prepared in 1X RIPA buffer containing 1% SDS and protease 

inhibitor cocktail, and was incubated for 1 h on ice, followed by brief sonication. Protein 

concentrations were determined by a BCA assay kit (Rockford, IL). A representing blot is 

shown. Relative band intensity (normalized to loading controls) was determined by ImageJ 

software. Average band intensity was expressed as mean ± S.E.M..

Glucose tolerance test

Mice were fasted overnight and received a single intra-peritoneal injection of glucose at 

2g/kg body weight. A drop of blood was collected from the tail and glucose was measured 

with a glucose monitor.

Analysis of tissue metabolites

This was performed by Metabolon Inc (Durham, NC). Several recovery standards were 

added based on tissue weight prior to sample extraction for quality control and data 

normalization. Extract was analyzed on four UPLC-MS/MS systems, utilizing: 1) positive 

ion mode, early elution; 2) positive ion mode, late elution; 3) negative ion mode and 4) 

polar-negative ion mode. All methods utilized a Waters ACQUITY UPLC and a Thermo 

Scientific Q-Exactive high resolution/accurate mass spectrometer interfaced with a heated 

electrospray ionization (HESI-II) source and Orbitrap mass analyzer operated at 35,000 

mass resolution. Peaks were quantified using area-under-the-curve. Two-way ANOVA and t-

test were used for statistical analysis.

Hyperinsulinemic-euglycemic clamp

Insulin clamps were performed at the Mouse Metabolic Phenotyping Center (MMPC) at the 

Vanderbilt University. Mice were maintained on chow or Western diet for 8 weeks. Catheters 

were implanted into a carotid artery and a jugular vein for sampling and infusions 

respectively five days before the study. The study was initiated in mice after fasting for 5 h. 

[3-3H]-glucose was continuously infused at 0.075 μCi/min for a 90 min equilibration and 

basal sampling period. [3-3H]-glucose was mixed with the non-radioactive glucose infusate 

(infusate specific activity of 0.5 μCi/mg glucose) during the 2 h clamp period. Arterial 

glucose was clamped using a variable rate of glucose infusion. Baseline plasma variables 

were calculated as the mean of values obtained in blood samples collected at 15 and 5 min 

prior insulin infusion (2.5 mU/Kg/min for chow-fed mice or 4 mU/kg/min for Western diet-

fed mice). Blood was taken from 80–120 min for the determination of [3-3H]-glucose. 

Clamp insulin was determined at 100 min and 120 min. At 120 min, an intravenous bolus of 

13 μCi 2-[14C]-deoxyglucose was administered. Blood was taken from 2–25min for 

determination of 2-[14C]-deoxyglucose. After the last sample, mice were anesthetized. 

Plasma insulin and c-peptide were determined by RIA. Radioactivity of [3-3H]-glucose, 2-

[14C]-deoxyglucose and 2-[14C]-deoxyglucose -6-phosphate in plasma or tissues were 

determined by liquid scintillation counting. Glucose appearance (Ra) and disappearance 

(Rd) rates were determined using steady-state equations (26). Endogenous glucose 

appearance (endoRa) was determined by subtracting the glucose infusion rate (GIR) from 

total Ra. The glucose metabolic index (Rg) was calculated as previously described (27).
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Statistical analysis

Results were expressed as mean ± S.E.M.. Statistical analysis was performed by Student’s t-

test or ANOVA. A p < 0.05 was considered statistically significant.

Results

Sortilin 1 knockout did not affect Western diet-induced obesity, adipose fatty acid and 
sphingolipid metabolism

To investigate the role of Sort1 on diet-induced obesity, we fed WT and Sort1 KO mice a 

chow or a Western diet. We found that WT mice and Sort1 KO mice gained similar amount 

of body weight over the 8-week feeding period (Fig 1A). Glucose tolerance test also did not 

show significant difference in glucose tolerance between WT and Sort1 KO mice on either 

chow diet or Western diet (Fig 1B). These results are inconsistent with a recent study 

reporting that high fat diet-fed Sort1 KO mice showed lower body weight and decreased 

adipose aSMase enzyme activity (25). Ceramide signaling contributes to insulin resistance 

and impaired tissue glucose metabolism in obesity (28, 29). A previous in vitro study 

showed that Sort1 played a redundant role in addition to the mannose 6-phosphate receptor 

(M6PR) in mediating the lysosomal trafficking of aSMase that hydrolyzes sphingomyelins 

to ceramides (30). Thus it is thought that Sort1 deficiency may decrease the aSMase-

mediated ceramide production in lysosomes. Here we showed that the relative 

concentrations of C16:0-ceramide, the principle ceramide species mediating the 

development of insulin resistance and obesity (28, 29), and its precursor C16:0 

sphingomyelin were not different between Sort1 KO mice and WT controls under either 

chow-fed or Western diet-fed conditions (Fig 1C).

Sortilin 1 knockout decreased glycolytic metabolites in adipose tissue under chow-fed 
fasting condition

We next studied the impact of Sort1 loss-of-function on adipose glucose metabolism in 

mice. Consistent with a previous report (24), Western diet feeding decreased adipose Sort1 

protein (Fig 2A). However, muscle Sort1 protein was not altered in Western diet-fed mice 

(Fig 2B). Glut4 protein was reduced in white adipose tissue but not muscle of Western diet-

fed WT mice (Fig 2A, 2B), which was a known phenomenon (31). WT and Sort1 KO mice 

showed similar Glut4 protein levels in adipose and skeletal muscle (Fig 2A, 2B), suggesting 

that Sort1 loss-of-function did not affect Glut4 protein abundance in vivo.

Next, we measured the relative concentrations of glycolytic metabolites in the adipose of 

overnight fasted mice, which may reflect basal glucose metabolism under non-insulin 

stimulated state. Chow-fed Sort1 KO mice showed significantly reduced relative 

concentrations of glucose and all detected glycolytic intermediates except lactate (Fig 2C). 

Such changes closely mimicked the significantly decreased adipose glycolytic metabolites in 

Western diet-fed WT mice (Fig 2C), which was in line with impaired adipose glucose uptake 

in obesity. After Western diet feeding, WT and Sort1 KO mice no longer showed differential 

levels of glucose and glycolytic intermediates (Fig 2C), which could be due to the 

predominant reduction of the glycolytic metabolites caused by Western diet-induced obesity. 

To seek further evidence of reduced basal glycolysis in adipose of Sort1 KO mice, we 
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measured the relative concentrations of the TCA cycle intermediates since the end glycolytic 

metabolite is a substrate for TCA cycle. Results in Fig 2D showed that the relative 

concentration of citrate, the product of the first reaction in the TCA cycle, was reduced by 

~70% in chow-fed Sort1 KO mice compared to WT. In addition, the relative concentrations 

of several downstream TCA cycle intermediates aconitate, α-ketoglutarate and fumarate 

were also significantly decreased in chow-fed Sort1 KO mice (Fig 2D). Western diet feeding 

resulted in more reduction of citrate, aconitate, fumarate and malate in both WT and Sort1 
KO mice (Fig 2D), which suggested that obesity was associated with decreased TCA cycle 

metabolites in the adipose tissues.

Altered cellular glycolysis may also affect fatty acid metabolism in the adipose tissues. 

However, no genotype-dependent differences in the relative concentrations of long-chain 

fatty acids, glycerol, monoacylglycerol (MAG) and diacylglycerol (DAG) were observed 

between WT and Sort1 KO mice under chow-fed or Western diet-fed conditions (Fig 3A, 

3C). On the other hand, glycerol 3-phosphate, a significant amount of which is derived from 

glycolysis, was reduced in chow-fed Sort1 KO mice and also in Western diet-fed WT and 

Sort1 KO mice (Fig 3C). It is worth noting that Western diet significantly decreased ketone 

body 3-hydroxylbutyrate but increased other 3-hydroxy fatty acid species in WT mice (Fig 

3B), which, in the absence of increased fatty acids, indicated impaired mitochondria fatty 

acid oxidation. Species of 3-hydroxy fatty acids and ketone body 3-hydroxybutyrate were 

not different between chow-fed WT and Sort1 KO mice (Fig 3B). These results suggest that, 

despite altered glycolytic activity, Sort1-deficiency did not affect adipose fatty acid 

metabolism. In addition, Western diet feeding strongly and consistently decreased major 

C16 and C18 long chain fatty acids as well as MAG, DAG and glycerol to similar levels in 

WT and Sort1 KO mice (Fig 3A, 3C), which may reflect a metabolic shift to increased 

triglyceride synthesis and fat storage as an adaptive response to higher dietary fat intake.

Sort1 deficiency did not affect insulin-stimulated glucose uptake during insulin clamp in 
mice

Next, hyperinsulinemic-euglycemic clamp was used to further determine the effects of Sort1 

loss-of-function on in vivo insulin action and tissue-specific glucose handling in mice. 

During the clamp, the total glucose infusion rate was similar between chow-fed WT and 

Sort1 KO mice (Fig 4A, 4B). The endogenous glucose production (EndoRa) was similar 

between WT and Sort1 KO mice (Fig 4C). The insulin-stimulated glucose uptake into 

muscle and white and brown adipose tissues was not different between WT and Sort1 KO 

mice (Fig 4D). Interestingly, despite well-maintained euglycemia during the clamp (Fig 4A), 

the clamp insulin levels were significantly lower in Sort1 KO mice (Fig 4F). During the 

insulin clamp, the plasma insulin represented the mixture of exogenously infused insulin and 

endogenously secreted insulin by the β cells. Fig 4G showed that plasma C-peptide during 

clamp was also significantly reduced in Sort1 KO mice, suggesting lower clamp insulin was 

likely due to decreased endogenous insulin secretion but not increased liver insulin clearance 

in Sort1 KO mice. The endogenous insulin production in the presence of exogenous glucose 

and insulin infusion during insulin clamp is still a poorly understood process. The 

underlying cause of decreased clamp insulin in chow-fed Sort1 KO mice still requires 

further investigation. In Western diet-fed mice, the clamp glucose was well maintained and 
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the clamp insulin levels were similar in WT and Sort1 KO mice (Fig 5A, 5B). Under these 

conditions, Sort1 KO mice and WT mice exhibited similar total glucose infusion rate (GIR) 

(Fig 5C). Insulin-stimulated tissue glucose uptake into the muscle and white and brown fat 

were similar between the groups (Fig 5D). Total glucose flux (Rd) and endogenous glucose 

production (endoRa) were also similar between the two groups (Fig 5E, 5F).

Discussion

This study characterized the impact of Sort1 loss-of-function on adipose glucose metabolism 

in mouse models. Such in vivo studies are currently lacking in the field but are clearly 

needed to better define the pathophysiological function of Sort1 and its implication in the 

pathogenesis of obesity and diabetes. Our studies showed that Sort1 loss-of-function 

differentially affected adipose glucose metabolism under basal fasting state and insulin-

stimulated state. By studying the in vivo insulin action and insulin-stimulated organ-specific 

glucose uptake with hyperinsulinemic-euglycemic clamp, we found that chow-fed Sort1 KO 

mice generally showed normal overall glucose flux and tissue glucose uptake during insulin 

clamp, suggesting that, at least under the clamp condition, Sort1 deficiency did not 

significantly impair insulin – stimulated glucose uptake into muscle and adipose. If lower 

clamp insulin is taken into consideration, the overall insulin sensitivity may be actually 

slightly higher in Sort1 KO mice. The adipose and muscle Glut4 protein abundance was also 

similar between Sort1 KO mice and WT. This is different from genetic deletion of another 

key GSV component insulin-regulated aminopeptidase (IRAP) in mice, which resulted in 

decreased Glut4 protein abundance in muscle and adipose (32). Similarly, deletion of the 

GSV component low density lipoprotein receptor – related protein 1 (LRP1) in adipose 

tissue also reduced adipose Glut4 protein abundance in mice (33). Given that Sort1 

knockdown reduced Glut4 protein abundance and impaired insulin-dependent glucose 

uptake in cultured adipocytes, a more plausible explanation may be that the congenital loss 

of Sort1 function in vivo can be compensated by other GSV components. In addition to 

IRAP and LRP1, M6PR and sorting-related receptor with type-A repeats (SorLA) were 

identified as components of purified GSVs from rat adipocytes (33, 34). M6PR, SorLA and 

LRP1 can also interact with and recruit the Golgi-localized γ-ear-containing Arf-binding 

proteins (GGA) of coat adaptor proteins that are required for intracellular vesicle trafficking 

(35). The existence of such functional redundancy is possible as loss of insulin-dependent 

glucose uptake may be detrimental to many cell types.

In contrast to insulin-stimulated glucose uptake, we found consistently decreased glycolytic 

and TCA cycle intermediate metabolites in the adipose of chow-fed fasted Sort1 KO mice. 

The altered glycolytic and TCA cycle metabolite profile closely resembled the changes 

caused by Western diet feeding to WT mice, which was expected to cause adipose insulin 

resistance that impaired cellular glucose uptake and metabolism. These genotype-dependent 

changes of glycolytic metabolites under chow-fed conditions thus suggest that there is a 

causal link between Sort1 deficiency and decreased glucose metabolism in the adipose 

tissue. Under fasting, adipocytes are exposed to relatively lower concentrations of circulating 

insulin. Since chow-fed WT and Sort1 KO mice had similar adipose GLUT4 protein, 

reduced glycolytic intermediates in chow-fed Sort1 KO mice could be a result of reduced 

GLUT4 membrane translocation, which would be consistent with the required role of Sort1 
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in conferring the insulin responsiveness of GSV demonstrated in cultured adipocytes (20, 

22). However, such changes may have been masked after strong exogenous insulin 

stimulation during the insulin clamp. Reduced basal glucose uptake has also been reported 

in adipocytes isolated from mice lacking another GSV component IRAP ex vivo (32). It was 

not surprising to see that Sort1 KO mice had normal fasting glucose levels, because both 

mice lacking Glut4 and mice lacking IRAP generally maintained normal glycaemia (32, 36). 

When fed a Western diet, Sort1 deficiency did not further decrease adipose glycolytic 

metabolites. One possible explanation may be that Western diet-induced obesity may have a 

much stronger effect in decreasing adipose glucose metabolism, which therefore masked the 

genotype-dependent effects in Western diet-fed WT and Sort1 KO mice.

In our study, Sort1 deficiency did not affect Western diet-induced weight gain. This finding 

is inconsistent with a previous study showing that Sort1 KO mice were resistant to high fat 

diet-induced obesity (25). This study showed that high fat diet-fed Sort1 KO mice had lower 

adipose aSMase activity than high fat diet-fed WT mice, but adipose ceramide 

concentrations were not directly quantified (25). Cellular ceramides can be produced 

through other aSMase-independent pathways. Our metabolite analysis revealed no difference 

in ceramide levels between WT and Sort1 KO mice on either chow diet or Western diet. 

Unfortunately, the study did not report the adipose aSMase activity in mice under the chow-

fed condition without body weight difference between the two groups (25), which would be 

more informative because obesity is known to increase aSMase activity (37). Although the 

underlying cause of such discrepancy is still not clear, we would like to note that the Sort1 
KO mice used in the two studies were generated independently with different targeting 

strategies (10, 38). In addition, the fat-enriched diets used in the two studies were different. 

The previous study used a diet contained 60% fat calories from lard (25), while the Western 

diet used in our study contained 42% fat calories from milk fat. Therefore we cannot rule out 

the possibility that the fat content or the source of dietary fat may potentially influence the 

obesity phenotypes in Sort1 KO mice and WT controls. To our knowledge, there have been 

no other independent studies reporting the effect of Sort1 ablation on diet-induced weight 

gain in mice. A few previous studies have employed high fat diet feeding to Sort1 KO mice 

on Ldlr−/−, ApoE−/− or Apobec1−/−/hAPOB-tg genetic background (4, 11–13). However, 

these studies did not report data on weight gain in these mice. Obesity, adipocyte 

dysfunction and insulin resistance are early events associated with obesity development, 

which critically contributes to the pathogenesis of hepatic steatosis and hyperlipidemia. 

Determining whether adipose Sort1 deficiency affects obesity development and adipose lipid 

and glucose metabolism is important in improving our understanding of the mechanistic link 

between Sort1 function and plasma lipid concentrations.
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VPS10P vacuolar protein sorting 10 protein

aSMase acid sphingomyelinase

SorLA sorting-related receptor with type-A repeats

GSV Glut4 storage vesicles

KO knockout

GIR glucose infusion rate

MAG monoacylglycerol

DAG diacylglycerol

IRAP insulin-regulated aminopeptidase

LRP1 low density lipoprotein receptor – related protein 1

M6PR mannose 6-phosphate receptor

GGA Golgi-localized γ-ear-containing Arf-binding proteins
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FIGURE 1. Sort1 knockout did not affect diet-induced obesity or adipose ceramide 
concentration in mice
Mice were fed a chow diet (C) or a Western diet (WD) for 8 week. Mice were fasted 

overnight before sacrifice. A. Body weight. (n=4–9). B. Glucose tolerance test. (n=4–9). C. 

Metabolites were measured in epididymal fat of mice fed a chow or a Western diet for 8 

week. Mice were fasted overnight before sacrifice. Y-axis: relative area under the curve with 

control (WT+C) set as “1”. n=4–6. All results are expressed as mean ± SEM. “*”, p< 0.05. 

vs. WT+C group.
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FIGURE 2. Sort1 KO mice showed reduced adipose glycolytic and TCA cycle intermediates
Mice were fed a chow or a Western diet for 8 week. Mice were fasted overnight before 

sacrifice. A, B. Western blot of Sort1 and Glut4 protein in epididymal fat and soleus muscle 

of WT and Sort1 KO mice fed a chow or a Western diet (WD). C. D. Relative concentrations 

of metabolites in the epididymal adipose tissue. Y-axis: relative area under the curve with 

control (WT+C) set as “1”. n=4–6. Results are expressed as mean ± SEM. “*”, p< 0.05. vs. 

WT+C group. G-6-P: glucose-6-phosphate; DHAP: dihydroxyacetone phosphate; 3-PG: 

glyceraldehyde 3-phosphate; PEP: phosphoenolpyruvate; α-KG: α-ketoglutarate.
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FIGURE 3. Sort1 knockout did not affect adipose fatty acid metabolism in mice
Mice were fed a chow or a Western diet for 8 week. Mice were fasted overnight before 

sacrifice. A. Long chain fatty acid species. B. 3-hydroxy fatty acids. C. Glycerol, glycerol 3-

phosphate, monoacylglyerol (MAG) and diacylglycerol (DAG). Y-axis: relative area under 

the curve with control (WT+C) set as “1”. n=4–6. Results are expressed as mean ± SEM. 

“*”, p< 0.05. vs. WT+C group.
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FIGURE 4. Hyperinsulinemic-euglycemic clamp study of chow-fed mice
The experimental procedure is described in the Materials and Method. Hyperinsulinemic-

euglycemic clamp parameters. GIR: glucose infusion rate. Rg: tissue glucose uptake. 

Skeletal muscle: Soleus muscle. Epi-WAT: Epididymal fat. BAT: brown adipose tissue. 

(n=8). Results are expressed as mean ± SEM. “*”, p< 0.05 vs. WT.
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FIGURE 5. Hyperinsulinemic-euglycemic clamp study of 8-week Western diet-fed mice
The experimental procedure is described in the Materials and Method. Hyperinsulinemic-

euglycemic clamp parameters. GIR: glucose infusion rate. Rg: tissue glucose uptake. 

Skeletal muscle: Soleus muscle. Epi-WAT: Epididymal fat. BAT: brown adipose tissue. n=8–

9. Results are expressed as mean ± SEM.
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