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Summary

Caloric restriction rapidly reverses type 2 diabetes (T2D) but the mechanism(s) of this reversal are 

poorly understood. Here we show that three days of a very low-calorie diet (VLCD, 1/4 their 

typical intake) lowered plasma glucose and insulin concentrations in a rat model of T2D without 

altering body weight. The lower plasma glucose was associated with a 30% reduction in hepatic 

glucose production resulting from suppression of both gluconeogenesis from pyruvate carboxylase 

(VPC), explained by a reduction in hepatic acetyl-CoA content, and net hepatic glycogenolysis. In 

addition, VLCD resulted in reductions in hepatic triglyceride and diacylglycerol content and 

PKCε translocation, associated with improved hepatic insulin sensitivity. Taken together these data 

show that there are pleotropic mechanisms by which VLCD reverses hyperglycemia in a rat model 

of T2D, including reduced DAG-PKCε-induced hepatic insulin resistance, reduced hepatic 

glycogenolysis, and reduced hepatic acetyl-CoA content, PC flux and gluconeogenesis.
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XXX show that short-term (3 days) low calorie diet improves glucose metabolism before weight 

loss in a rat model of T2 diabetes and trace the beneficial metabolic effects to improved liver 

metabolism due to reductions in hepatic glycogenolysis, acetyl-CoA driven pyruvate carboxylase 

flux, and TAG-DAG-PKC mediated insulin resistance.

Introduction

With type 2 diabetes (T2D) projected to affect one-third of Americans by the year 2050 

(Boyle et al., 2010), interventions to reverse diabetes are of particular clinical interest. 

Recent meta-analyses report remission of T2D with discontinuation of all diabetes 

medications in 70–80% of cases soon after bariatric surgery (Baskota et al., 2015; Buchwald 

et al., 2009). Of note, T2D often resolves prior to significant weight loss (Buchwald et al., 

2004; Buchwald et al., 2009; Clements et al., 2004; Schauer et al., 2003), calling into 

question the mechanism by which bariatric surgery rapidly reduces hyperglycemia. In this 

regard short-term consumption of a very low calorie diet has been shown to be as effective 

as bariatric surgery in reversing T2D in humans (Campos et al., 2010; Henry et al., 1985; 

Isbell et al., 2010; Jackness et al., 2013; Laferrere et al., 2008; Lim et al., 2011; Plum et al., 

2011), suggesting that part or all of the metabolic improvements of bariatric surgery may 

have little to do with the surgery itself, but rather with the forced reduction in caloric intake 

caused by bariatric procedures. The key question, then, becomes “How does short-term 

VLCD reverse T2D prior to clinically significant weight loss?”

Given the key roles of ectopic lipid and increased rates of hepatic glucose production in 

promoting hepatic insulin resistance and fasting hyperglycemia in T2D (Perry et al., 2014; 

Samuel and Shulman, 2016), we undertook a comprehensive study to examine the impact of 

short-term VLCD on rates of hepatic glucose production and hepatic triacylglycerol (TAG), 

diacylglycerol (DAG), ceramide content and PKCepsilon (PKCε) activity in a well-

established rodent model of type 2 diabetes (Reed et al., 2000) in which rats exhibit 

hyperglycemia, hyperinsulinemia, obesity, and NAFLD – the hallmarks of T2D in humans. 

In order to determine which intra-hepatocellular and extra-hepatocellular processes might 

contribute to VLCD-induced reductions in plasma glucose concentrations, we also examined 
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the impact of VLCD on rates of hepatic gluconeogenesis, white adipose tissue (WAT) 

lipolysis and the respective contribution of pyruvate carboxylase flux (VPC) and glycerol 

(Vglycerol) to hepatic gluconeogenesis as well as net rates of hepatic glycogenolysis and rates 

of hepatic mitochondrial oxidation using a novel Positional Isotopomer NMR Tracer 

Analysis method (Perry et al., in press).

Results

Similar to patients with type 2 diabetes, plasma glucose and insulin concentrations as well as 

liver triglyceride concentrations were increased in our T2D rats as compared to non-diabetic, 

chow fed control rats (122±5 mg/dL, 24±5 µU/mL, and 13.5±1.9 mg/g, respectively). Three 

days of VLCD lowered plasma glucose concentrations by ~75 mg/dL, and plasma insulin 

concentrations by ~50%, despite a lack of differences in body weight (Fig. 1A–B; non-

diabetic, chow fed controls’ body weight: 328±9 g). VLCD also led to reductions in plasma 

non-esterified fatty acids and plasma triglyceride concentrations (Fig. 1C–D) as well as 

marked reductions in hepatic triglyceride and hepatic DAG content but no change in hepatic 

ceramide content (Fig. 1E–H, Fig. S1A, Table S1). The VLCD-induced reduction in hepatic 

DAG content was associated with a ~40% reduction in the PKCε membrane/cytosol ratio, 

consistent with reduced PKCε translocation. In contrast, VLCD had no effect on plasma 

concentrations of lactate, alanine, glycine, serine, leucine, isoleucine, aspartate+asparagine, 

phenylalanine, glutamate+glutamine, glucagon, corticosterone, FGF-21, liver enzymes, or 

on hepatic inflammatory cytokine concentrations or markers of endoplasmic reticulum stress 

(Fig. S1B–L).

Next to examine the cause of the lower plasma glucose concentrations exhibited by VLCD 

fed rats, we applied a novel PINTA method (Perry et al., in press) to evaluate hepatic flux 

rates that contribute to hepatic glucose production. We found that caloric restriction reduced 

rates of both net hepatic glycogenolysis, which accounted for ~1/3 of total glucose 

production in our 8 hr fasted rats, and gluconeogenesis from oxaloacetate (VPC), but did not 

alter gluconeogenesis from glycerol, which comprised ~10–15% of total glucose turnover in 

both T2D control and VLCD rats (Fig. 2A, Fig. S2A). There were no differences in pyruvate 

kinase flux (VPK) relative to the sum of VPC flux and pyruvate dehydrogenase flux (VPDH) 

in VLCD fed rats, with this ratio minimal (<5%) in both groups (Fig. S2B). In addition, the 

observed alterations in gluconeogenic flux occurred in the absence of any differences in the 

protein expression of key gluconeogenic enzymes (PC, cytosolic phosphoenolpyruvate 

carboxykinase, glucose-6-phosphatase) in liver (Fig. 2B). Given the reductions in hepatic 

TAG and DAG concentrations observed in VLCD-fed rats, we next hypothesized that 

hepatic insulin sensitivity would improve with VLCD feeding in T2D rats. Consistent with 

this hypothesis, we found that insulin-mediated suppression of hepatic glucose production 

was increased 2.5-fold in VLCD rats, associated with increased Akt2 phosphorylation under 

clamp conditions in the T2D + VLCD rats but not T2D controls (Fig. 2C–E, Fig. S2C). In 

contrast, there was no difference in the glucose infusion rate required to maintain 

euglycemia during the hyperinsulinemic-euglycemic clamp, in the rate of insulin-stimulated 

whole-body glucose disposal, or in insulin-mediated suppression of plasma NEFA or 

glycerol concentrations (Fig. S2D–I), demonstrating that the insulin-sensitizing effect of 

short-term VLCD is confined to the liver.
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We next hypothesized that the reductions in VPC could be explained by suppression of 

hepatic acetyl-CoA content, a well-known allosteric activator of pyruvate carboxylase (Perry 

et al., 2015; Utter and Keech, 1963). Consistent with this hypothesis, VLCD rats exhibited 

reductions in both hepatic long-chain acyl-CoA and acetyl-CoA, as well as whole-body 

βOHB turnover, which is an excellent surrogate of hepatic acetyl-CoA concentrations (Perry 

et al., 2017b); however there was no difference in plasma βOHB concentrations, suggesting 

that there may be a reduction in βOHB clearance with caloric restriction (Fig. 3A–C, Fig. 

S3A). In contrast there were no differences in hepatic malonyl-CoA, in WAT lipolysis as 

assessed by rates of [U-13C16]palmitate and [2H5]glycerol turnover, in mitochondrial 

oxidation rates (citrate synthase flux, VCS) measured by PINTA, or in liver PGC1α or 

PPARγ protein expression (Fig. 3D–F, Fig. S3B–C). Consistent with their reduced hepatic 

lipid content, VLCD rats exhibited 30% lower rates of hepatic triglyceride export (Fig. 3G). 

Finally, to demonstrate whether the reduction in hepatic lipid content could primarily be 

attributed directly to their lower caloric intake, we measured [13C] labeled fatty acid, derived 

from ingested [1-13C]triolein into hepatic DAG by administering a meal (half the rats’ daily 

caloric intake in a bolus of Ensure containing [1-13C]triolein, or one-quarter that quantity) to 

T2D and T2D-VLCD rats. Using this approach we found that there was no difference in the 

two groups’ ability to synthesize fatty acids into DAG when given the same size meal, but 

that more 13C label from ingested [1-13C]triolein was incorporated into hepatic DAG when 

rats were fed a large meal as opposed to a small meal (Fig. 3H).

We next sought to demonstrate whether the reductions in VPC flux and in hepatic 

glycogenolysis measured in caloric restricted rats were directly responsible for these 

animals’ lower plasma glucose concentrations. To test the role of hepatic acetyl-CoA in 

driving hepatic glucose production, we infused acetate [60 µmol/(kg-min)] to increase 

hepatic acetyl-CoA content in VLCD-T2D rats to the concentrations measured in T2D 

controls (Fig. 4A). This intervention resulted in a ~10 µmol/(kg-min) increase in hepatic 

glucose production (Fig. 4B), very similar to the decrement in VPC measured between T2D 

and T2D-VLCD rats (Fig. 2A). Finally we treated a group of T2D rats with a small molecule 

inhibitor of glycogen phosphorylase (Nagy et al., 2013). The treated rats exhibited a 

doubling in their liver glycogen content which was associated with a 40% reduction in 

hepatic glucose production (Fig. 4C–D), consistent with the ~30–40% contribution of net 

hepatic glycogenolysis to hepatic glucose production which we previously measured in T2D 

and T2D-VLCD rats (Fig. 2A).

Finally to determine whether the effects of VLCD to ameliorate hyperglycemia in high fat 

fed T2D rats depends on the diet administered, we fed rats a “fast food” Western diet: a 

safflower oil-based high fat diet supplemented with 5% sucrose water, resulting in ~51% 

caloric intake from carbohydrate, ~39% from fat, and ~10% from protein based on their 

typical ad lib daily food and water intake. Three days of caloric restriction did not change 

body weight in these rats, but lowered 8 hr fasted plasma glucose and insulin concentrations, 

liver glycogen, TAG, and DAG concentrations, as well as the membrane/cytosol ratio of 

PKCε (Fig. S4A–G).
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Discussion

Multiple studies have demonstrated that caloric restriction is as effective as bariatric surgery 

at reversing fasting hyperglycemia in patients with T2D within a few days, independent of 

significant reductions in body weight (Campos et al., 2010; Henry et al., 1985; Isbell et al., 

2010; Jackness et al., 2013; Laferrere et al., 2008; Lim et al., 2011; Plum et al., 2011). These 

results raise the question of how VLCD rapidly reverses T2D and whether these mechanisms 

could be harnessed as a potential therapeutic approach for T2D. Our group has previously 

shown that a hypocaloric (1200 Kcal) diet resulting in an ~10% weight loss over the course 

of ~2 months was sufficient to reverse fasting hyperglycemia, reduce rates of hepatic glucose 

production and improve hepatic insulin sensitivity in patients with type 2 diabetes (Petersen 

et al., 2005). These marked improvements in hepatic glucose metabolism were associated 

with resolution of NAFLD in these individuals. Previous studies have also shown that lipid-

induced hepatic insulin resistance is mediated in part through DAG activation of PKCε 
resulting in phosphorylation of the insulin receptor tyrosine kinase (IRTK) on threonine 

1160 leading to decreased IRTK activity (Petersen et al., 2016; Samuel et al., 2004; Samuel 

et al., 2007). We therefore hypothesized that reductions in hepatic TAG-DAG-PKCε 
activation leading to improved hepatic insulin sensitivity may be associated with reduced 

plasma glucose concentrations in a calorically restricted rat model of T2D. To test this 

hypothesis, we utilized a well-established rat model of T2D (Reed et al., 2000) and 

subjected them to three days of a VLCD, feeding them ¼ their typical daily caloric intake. 

Importantly this intervention did not significantly alter body weight between the T2D 

control and VLCD animals within the three-day caloric restriction period, allowing us to 

identify weight-independent effects of caloric restriction on metabolism. Despite unchanged 

body weight, the VLCD was associated with reductions in ectopic lipid content, with liver 

TAG, DAG, and PKCε membrane/cytosol ratio all lowered in VLCD rats. Importantly, there 

was no difference in the incorporation of dietary lipids into DAG between control T2D and 

T2D-VLCD rats when they were fed the same size meal, but administration of a smaller 

meal led to a reduction in lipid incorporation into DAG (Fig. 3H), identifying the smaller 

meal size as the proximal cause of the reductions in ectopic lipid in liver. We found that 

VLCD lowered plasma glucose concentrations by ~75 mg/dL and plasma insulin 

concentrations by ~50%, demonstrating a striking effect of only three days of caloric 

restriction to ameliorate fasting hyperglycemia and fasting hyperinsulinemia, similar to what 

is observed in T2D patients undergoing caloric restriction. This was associated with 

improved hepatic insulin sensitivity demonstrated by increased suppression of hepatic 

glucose production during a hyperinsulinemic-euglycemic clamp, as well as increased 

insulin stimulation of Akt2 phosphorylation (Fig. 2C–E). However the VLCD-induced 

reversal of hyperglycemia, hyperinsulinemia and hepatic insulin resistance was independent 

of any changes in other putative mediators of hepatic insulin resistance, including hepatic 

ceramide content, hepatic inflammatory cytokine concentrations, or changes in plasma 

branched-chain amino acids, glucagon, corticosterone, or FGF-21 concentrations.

To identify the mechanism(s) responsible for the VLCD-induced reversal of fasting 

hyperglycemia in these diabetic rats, we applied a novel PINTA method (Perry et al., in 

press) to measure the relative contributions of net hepatic glycogenolysis and 
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gluconeogenesis from both oxaloacetate and glycerol to total hepatic glucose production. 

This PINTA approach allowed us to measure the impact of a VCLD on all three key 

contributors to hepatic glucose production for the first time in awake rats in vivo, and 

demonstrated that both rates of net hepatic glycogenolysis and VPC flux were reduced with 

VLCD. The 40% reduction in rates of hepatic glucose production measured in T2D rats 

treated with a pharmacologic inhibitor of glycogen phosphorylase (Nagy et al., 2013) 

confirmed a key role for net hepatic glycogenolysis in driving hepatic glucose production 

and fasting hyperglycemia in these 8 hr fasted T2D rats.

In addition, we observed a ~25% reduction in rates of hepatic gluconeogenesis from 

oxaloacetate (VPC flux), which could be attributed to a ~20% suppression of hepatic acetyl-

CoA content. This VLCD-induced reduction in VPC flux was associated with a ~20% 

suppression in rates of βOHB turnover and no changes in rates of hepatic mitochondrial 

oxidation (VCS), VPK/(VPC+VPDH) flux, or whole-body WAT lipolysis assessed by 

[U-13C16]palmitate and [2H5]glycerol turnover. Taken together these data suggest that 

VLCD-induced reductions in hepatic acetyl-CoA content are driven mostly by reductions in 

intra-hepatic lipolysis and decreased β-oxidation as reflected by decreased hepatic acyl-CoA 

content and reduced rates of βOHB turnover. To confirm the impact of acetyl-CoA on rates 

of hepatic glucose production we infused acetate in VLCD rats to increase liver acetyl-CoA 

content to match hepatic acetyl-CoA concentrations measured in untreated diabetic control 

animals. This intervention resulted in a ~25% increase in hepatic glucose turnover (Fig. 4B), 

demonstrating that matching hepatic acetyl-CoA concentrations promotes similar increases 

in VPC flux as observed in the T2D rats.

In summary these data demonstrate that there are multiple mechanisms by which a VLCD 

acutely reduces fasting hyperglycemia in a rat model of poorly controlled type 2 diabetes 

involving: 1) reductions of hepatic DAG content resulting in decreased PKCε activation and 

improved hepatic insulin sensitivity, 2) reductions in rates of net hepatic glycogenolysis, and 

3) reductions in hepatic acetyl-CoA content leading to decreased hepatic gluconeogenesis 

due to decreased hepatic pyruvate carboxylase (VPC) flux. Furthermore VLCD-induced 

reversal of fasting hyperglycemia in these diabetic rodents occurred independently of any 

changes in hepatic ceramide content, hepatic inflammatory cytokine concentrations, or 

changes in plasma branched-chain amino acids, glucagon, corticosterone, or FGF-21 

concentrations. Taken together these data provide new insights into the mechanisms by 

which a VLCD leads to reversal of fasting hyperglycemia and identifies key pathways that 

could confer therapeutic benefit to ameliorate fasting hyperglycemia in individuals with 

poorly-controlled T2D.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact Dr. Gerald I. Shulman, gerald.shulman@yale.edu.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal studies were approved by the Yale University Institutional Animal Care and Use 

Committee and were performed in accordance with all regulatory standards. 250 g male 

Sprague-Dawley rats were obtained from Charles River Laboratories (Wilmington, MA) and 

were group housed (3 per cage) while they were fed either a high fat diet (Dyets #112245, 

Bethlehem, PA; 59% calories from fat, 26% from carbohydrate, 15% from protein) or a 

chow diet (Harlan Teklad #2018, Madison, WI; 18% calories from fat, 58% from 

carbohydrate, 24% from protein), ad lib for 3 weeks. Rats given a Western diet were given 

ad lib access to the same high fat diet as well as to 5% sucrose water for the same period of 

time. All rats then underwent surgery under general isoflurane anesthesia for placement of 

polyethylene catheters in the common carotid artery (PE50 tubing, Instech Solomon, 

Plymouth Meeting, PA) and the jugular vein (PE90 tubing, Instech), after which they were 

singly housed until sacrifice. A subset of rats underwent surgery to place a catheter in the 

antrum of the stomach (PE50 tubing, Instech) in preparation for mixed-meal tolerance tests. 

The rats continued on ad lib high fat diet for an additional four days, after which T2D was 

induced by an injection of nicotinamide (85 mg/kg; Sigma, St. Louis, MO) and, 15 min later, 

streptozotocin (40 mg/kg; Sigma). Starting 24 hr after injection of streptozotocin and 

nicotinamide, blood glucose concentrations were checked by tail prick and those with 

random glucose >250 mg/dL were randomly divided into control or caloric restricted 

groups. Control rats were allowed to eat ad lib for 3 days, while VLCD rats were given 5.0 g 

of high fat diet per day (2.5 g of the safflower at 8 AM and 2.5 g at 6 PM). VLCD rats on the 

Western diet were given the same quantity of high fat diet as well as ad lib access to 1.25% 

sucrose water during the caloric restriction period. Unless otherwise specified, all in vivo 
studies in both VLCD and control rats were performed following an 8 hr fast. At the 

conclusion of each study, rats were euthanized by IV pentobarbital.

METHOD DETAILS

Flux Analysis—Hepatic glycogenolysis rates were determined by measuring hepatic 

glycogen content in 6 hr and 8 hr fasted rats. We calculated the difference in glycogen 

content between the two time points and assumed a linear rate of net hepatic glycogenolysis 

over the 120 min between the two time points. To measure gluconeogenic flux, rats were 

infused with [1,2,3,4,5,6,6-2H7]glucose (prime 0.3 mg/[kg-min] for 5 min, continuous 

infusion rate 0.1 mg/[kg-min]) and [3-13C]sodium lactate (prime 120 µmol/[kg-min] for 5 

min, continuous infusion rate 40 µmol/[kg-min]) for a total of 120 min, after which blood 

(600 µl whole blood) was obtained from the venous catheter and immediately centrifuged 

and the plasma obtained, and rats were sacrificed and their livers snap-frozen in situ using 

metal tongs pre-chilled in liquid N2. We then applied PINTA analysis to measure whole-

body glucose production, VPC flux, and VCS flux as we have described (Perry et al., in 

press). To measure the contribution of glycerol to gluconeogenesis, we subtracted the sum of 

the rates of glycogenolysis and VPC from the total EGP, assuming that the three sources of 

glucose production are glycogenolysis, VPC, and gluconeogenesis from glycerol. To measure 

hepatic triglyceride export (i.e. VLDL export), we injected Poloxamer 407 and measured 

plasma triglyceride concentrations as we have previously reported (Lee et al., 2011).
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To measure whole-body rates of lipolysis and ketone turnover, rats were infused with 

[1,1,2,2,3-2H5]glycerol (0.1 mmol/[kg-min]), [U-13C]palmitate (0.2 mmol/[kg-min]), and 

[U-13C]βOHB (0.1 mg/[kg-min]) (Sigma, Cambridge Isotopes, Tewksbury, MA, and 

Cambridge Isotopes, respectively). GC/MS was used to measure plasma [2H5]glycerol and 

[U-13C]palmitate enrichment, from which we calculated the rates of lipolysis, correcting for 

the percent fatty acids that palmitate comprises, as we have described (Perry et al., 2015; 

Vatner et al., 2015). GC/MS was also used to assess βOHB turnover as previously reported 

(Perry et al., 2017a). The same extraction method as was utilized to measure βOHB turnover 

was also used to measure plasma lactate [m+1] enrichment in rats infused with 

[3-13C]lactate, with turnover calculated using the same formula as for all other turnover 

measurements: .

To assess triglyceride incorporation into DAG, we fed rats a mixed-meal tolerance test 

consisting of 100 kcal/kg Ensure Plus (“large meal”, ~half the ad lib fed rats’ daily caloric 

intake) supplemented with 10 mg/ml [1-13C]glyceryl-trioleate (Sigma), whereas the rats 

receiving a small meal were given 25 kcal/kg of the same mixture. The mixed-meal was 

administered through a gastric catheter.

Perturbations to Modulate Hepatic Glycogen and Acetyl-CoA—To increase 

hepatic acetyl-CoA in caloric restricted rats to concentrations measured in the T2D group, 

we infused sodium acetate (60 µmol/[kg-min]) throughout the duration of a [2H7]glucose 

infusion as described above. Samples were processed for measurement of glucose turnover 

rates as described (Perry et al., in press). Rats treated with a glycogen phosphorylase 

inhibitor (Sigma #361515) were injected with a 5 mg/kg dose of the drug IV and the same 

[2H7]glucose infusion was immediately begun. Both groups of rats were sacrificed by IV 

pentobarbital after 120 min of tracer infusion, and hepatic glycogen and acetyl-CoA and 

whole-body glucose turnover were measured as described in the following sections.

Hyperinsulinemic-Euglycemic Clamps—Beginning 6.5 hours after food was 

withdrawn, T2D and T2D-VLCD rats underwent a basal intra-arterial infusion of 

[1,2,3,4,5,6,6-2H]glucose (prime 1.5 mg/[kg-min] for 5 min, followed by a continuous 

infusion at a rate of 0.5 mg/[kg-min]) for 85 min. Blood samples were taken from a catheter 

in the jugular vein at 70, 80, and 90 min of the basal infusion for measurement of 

[2H7]glucose enrichment and calculation of basal glucose turnover. A hyperinsulinemic-

euglycemic clamp was then performed: rats were given a 40 mU/kg bolus of Regular insulin 

followed by a 2.5 hr insulin infusion at a rate of 4.0 mU/(kg-min). Blood samples were 

drawn from the venous catheter at 0, 15, 30, 40, 50, 60, 75, 90, 105, 120, 130, 140, and 150 

min of the clamp, with the samples from the 130, 140, and 150 min time points used to 

measure clamp glucose turnover. Plasma insulin was measured by radioimmunoassay by the 

Yale Diabetes Research Center at the 90 and 150 min time points of the basal infusion and 

clamp, respectively. Glucose turnover in the clamp was calculated as above 

( ), and the rate of whole-body 

glucose disposal was calculated as the sum of the glucose infusion rate plus the glucose 

turnover rate measured in the clamp.
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Biochemical Analysis—Plasma glucose concentrations were measured enzymatically 

using the YSI Glucose Analyzer (Yellow Springs, OH). Plasma insulin (other than in clamp 

samples, in which insulin was measured by radioimmunoassay), corticosterone, and FGF-21 

were measured by ELISA (Mercodia, Winston-Salem, NC; Abcam, Cambridge, MA; and 

R&D Systems, Minneapolis, MN, respectively). Plasma lactate, βOHB, and transaminase 

concentrations were measured by COBAS (Roche Diagnostics, Indianapolis, IN). Plasma 

NEFA and triglyceride concentrations were measured spectrophotometrically using a Wako 

reagent (Wako Diagnostics, Mountain View, CA). To measure glycerol concentrations, 

plasma samples were spiked with an equal volume of [2-13C]glycerol (89 µM) and 

derivitized as described for glucose above. Glycerol was measured by GC/MS (EI mode), 

comparing the ratio of [m0] to [m+1] glycerol in the samples to a standard curve. To 

measure plasma amino acid concentrations by GC/MS, plasma samples (100 µl) were spiked 

with an internal standard containing 1 mM of each analyte of interest with an [m+1] 13C 

isotopic label, then dried under N2 gas and derivatized with 75 µl N-butanol 4N HCl 

(Sigma). Next the samples were heated for 60 minutes at 60°C and dried under N2 gas. They 

were then reacted with 100 µl of 1:7 trifluoroacetic acid (Thermo Fisher Scientific, Waltham, 

MA):methylene chloride (Sigma). GC/MS (CI mode) was used to measure concentrations of 

alanine, glycine, serine, leucine, isoleucine, aspartate+asparagine, phenylalanine, glutamate

+glutamine by comparing the ratio of [m+1] 13C to natural abundance peak areas in the 

plasma samples to a standard curve.

Tissue Analysis—Liver glycogen was assessed as previously reported (Jurczak et al., 

2011). Liver DAG and ceramide concentrations (Yu et al., 2002), long-chain acyl-CoA (Yu 

et al., 2002), acetyl- and malonyl-CoA (Perry et al., 2015; Perry et al., 2017a) were 

measured as we have described. Liver TAG content was measured using the method of Bligh 

and Dyer (Bligh and Dyer, 1959). Hepatic PKCε membrane/cytosol ratio (Samuel et al., 

2004), gluconeogenic enzyme protein expression (Perry et al., 2015), ER stress markers 

(Jurczak et al., 2012) and PPARγ (Marx et al., 1998) and PGC1α (Erion et al., 2009) 

expression were assessed by Western blot as previously reported. Hepatic inflammatory 

cytokine concentrations were measured by ELISA. For measurement of inflammatory 

cytokine concentrations, liver samples (~200 mg) were homogenized in 5× volume of PBS, 

and the Qiagen Rat Inflammatory Cytokine Multi-Analyte ELISA was used to measure 

relative cytokine concentrations. Akt2 phosphorylation relative to total Akt2 was measured 

by Western blot using antibodies from Cell Signaling.

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparisons were performed using the 2-tailed Student’s t-test, unpaired unless otherwise 

specified in the figure legends, with significance defined as a p-value <0.05. GraphPad Prism 

7.0 (San Diego, CA) was used for all statistical analysis. In most cases, n=6 rats per group, 

unless otherwise indicated in the figure legends. Data are presented as the mean±S.E.M.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A 3 day very low calorie diet (VLCD) reverses T2D in rats by multiple 

mechanisms.

• A VLCD lowers hepatic acetyl-CoA, glycogenolysis, and TAG-DAG-PKCε 
activation.

• A VLCD markedly improves hepatic, not peripheral, insulin sensitivity in 

T2D rats.

Perry et al. Page 13

Cell Metab. Author manuscript; available in PMC 2019 January 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Caloric restriction ameliorates fasting hyperglycemia and reduces ectopic hepatic lipid 
accumulation
(A) Body weight after 3 days of caloric restriction (or ad lib caloric intake in the controls). 

(B)–(D) Fasting plasma glucose, insulin, and non-esterified fatty acid concentrations. (E)–

(F) Plasma and liver triglyceride concentrations. (G) Liver membrane diacylglycerol. (H) 

PKCε membrane/cytosol ratio. In all panels, data are the mean±S.E.M. of n=6 per group, 

with comparisons by t-test. *P<0.05, **P<0.01, ***P<0.001. See also Fig. S1 and Table S1.
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Fig. 2. Caloric restriction lowers the rate of hepatic glucose production due to contributions from 
both net hepatic glycogenolysis and pyruvate carboxylase (VPC) flux and improves hepatic 
insulin sensitivity
(A) Glucose production from glycogenolysis, glycerol, and oxaloacetate. The asterisk in the 

T2D + VLCD bar indicates P<0.05 comparing gluconeogenesis from OAA between T2D 

and T2D + VLCD rats. (B) Gluconeogenic enzyme protein expression, normalized to 

GAPDH. (C) Endogenous glucose turnover under basal and hyperinsulinemic-euglycemic 

clamp conditions. Comparisons between basal and clamp were performed using the 2-tailed 

paired Student’s t-test. (D) Suppression of hepatic glucose production in the clamp. (E) 

Ratio of phosphorylated Akt2 to total Akt2. In all panels, *P<0.05, **P<0.01, ***P<0.001. 

Data are the mean±S.E.M. of n=6 per group, with comparisons by the 2-tailed unpaired 

Student’s t-test unless otherwise specified. See also Fig. S2.
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Fig. 3. Caloric restriction lowers hepatic acetyl-CoA content but does not alter substrate 
oxidation or lipolysis
(A)–(B) Hepatic long-chain and acetyl-CoA. (C) Whole-body βOHB turnover. (D)–(E) 

Whole-body palmitate and glycerol turnover. (F) Liver VCS flux. (G) Hepatic triglyceride 

export. (H) Hepatic membrane C18:1 C18:0 DAG enrichment following a mixed-meal 

tolerance with [1-13C]triolein. n=7 T2D-small meal, 8 T2D + VLCD-small meal, 7 T2D-

large meal, and 7 T2D + VLCD-large meal. **P<0.01, ***P<0.001, referring to the 

comparison of rats within the same group (control or VLCD) fed a small vs. large meal. In 

all panels, groups were compared by t-test, and *P<0.05. Unless otherwise specified, the 

data are the mean±S.E.M. of n=6 per group. See also Fig. S3.
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Fig. 4. Increased hepatic acetyl-CoA content and increased rates of net hepatic glycogenolysis 
contribute to increased rates hepatic glucose production in T2D rats
(A) Acetyl-CoA content in T2D + VLCD rats (copied from Fig. 3B for comparison) and rats 

treated with an infusion of acetate. In panels (A) and (C), comparisons were performed 

using the 2-tailed unpaired Student’s t-test. (B) EGP before and after acetate infusion. Data 

in panels (B) and (D) were compared by the 2-tailed paired Student’s t-test. (C) Liver 

glycogen in T2D rats (copied from Fig. S2) and T2D rats treated with a glycogen 

phosphorylase inhibitor. (D) EGP before and after treatment with the phosphorylase 

inhibitor. In all panels, *P<0.05, ***P<0.001. Data are the mean±S.E.M. of n=6 per group. 

See also Fig. S4.
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