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Abstract

Objective—The aim of this study was to identify liver proteome changes in a mouse model of 

severe insulin resistance and markedly decreased leptin levels.

Methods—Two-dimensional differential gel electrophoresis was utilized to identify liver 

proteome changes in AKT1+/-/AKT2-/- mice. Proteins with altered levels were identified with 

tandem mass spectrometry. Ingenuity Pathway analysis was performed for the interpretation of the 

biological significance of the observed proteomic changes.

Results—11 proteins were identified from 2 biological replicates to be differentially expressed 

by a ratio of at least 1.3 between age-matched insulin resistant (Akt1+/-/Akt2-/-) and wild type 

mice. Albumin and mitochondrial ornithine aminotransferase were detected from multiple spots, 

which suggest post-translational modifications. Enzymes of the urea cycle were common members 

of top regulated pathways.
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Conclusion—Our results help to unveil the regulation of the liver proteome underlying altered 

metabolism in an animal model of severe insulin resistance.
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1. Introduction

Type 2 diabetes is a life-long metabolic disorder characterized by hyperglycemia and insulin 

resistance. Blood glucose level increases when beta cells are unable to produce sufficient 

insulin to compensate for insulin resistance in liver, adipose and skeletal muscle.

The mechanisms of insulin resistance in type 2 diabetes remain largely unraveled. Genetic 

alterations of different components of the IRS-PI3K-Akt pathway help to dissect the 

complex metabolism of insulin resistance [1-8]. Among the three Akt isoforms, Akt2 is 

predominantly expressed in insulin-responsive tissues and a missense mutation in Akt2 was 

reported to result in insulin resistance and diabetes in a Caucasian family [9]. While Akt2 

knockout mice display a mild diabetic phenotype with insulin resistance, Akt1 

haplodeficiency on an Akt2 null background significantly exacerbates this phenotype and is 

also characterized by markedly decreased leptin levels [10]. This suggests a compensatory 

role of Akt1 in maintaining glucose homeostasis in Akt2 knockout mice. Since Akt1-/-/

Akt2-/- mice do not survive past the neonatal period, Akt1+/-/Akt2 -/- compound knock-out 

mice provide a useful model to study the mechanisms and metabolic pathways involved in 

severe insulin resistance[10, 11].

Hepatic insulin resistance leads to disrupted glucose homeostasis, including decreased 

glycogen storage and enhanced gluconeogenesis, resulting in increased glucose output. 

Although multiple studies investigated the essential role of hepatic insulin resistance in the 

development of type 2 diabetes, the molecular mechanisms underlying the defective insulin 

signaling remain understudied. Here we investigated the liver proteome profile using two-

dimensional differential-gel electrophoresis and tandem-mass-spectrometry in Akt1+/-/

Akt2-/- mice as a model of severe insulin resistance. The results of this study may help 

identify potential biomarkers associated with the development and progression of altered 

liver metabolism in type 2 diabetes.

2. Materials and Methods

2.1. Mice

All studies were approved by the Institutional Animal Care and Use Committee at The 

University of California at Irvine and comply with the National Institutes of Health 

guidelines. The generation of Akt1-/- and Akt2-/- mice has previously been described [5, 6] 

and were purchased from The Jackson Laboratories (Bar Harbor, ME). Mice have been 

backcrossed to a C57BL/6 background and were intercrossed to generate the desired 

genotypes. Briefly, given gender specific decreased fecundity of these strains [12, 13], 

Akt1-/- females and Akt2-/- males were intercrossed to generate Akt1+/-/Akt2+/-mice. Female 

AKT1+/-/AKT2+/- mice used for subsequent breeding were generated from this single 
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intercrossing. Akt2-/- males were then crossed with Akt1+/-/Akt2+/- females to generate 

Akt1+/-/Akt2-/-mice. Mice were housed under a 12:12 hour light-dark cycle. All mice used 

in experiments were male. 8 mice per group were used for the assessment of body weight, 

random glucose levels, oral glucose tolerance testing and insulin level determination during 

the oral glucose tolerance testing.

2.2. Measurement of glucose and insulin levels

Blood was collected by tail vein sampling. Blood glucose levels were determined using an 

ACCU-CHEK Compact Plus (Roche Diagnostics, Indianapolis, IN) automatic glucometer. 

Insulin levels of serum samples were determined by using a Mouse Insulin ELISA (ALPCO, 

Salem, NH) according to the manufacturer's instructions.

2.3. Oral Glucose Tolerance Test

Oral glucose tolerance testing was done after a 6 hour fast and an oral feeding of 2g 

glucose/kg body weight in 20 week old mice as previously described [14]. Blood was 

collected from the tail vein. Glucose and insulin levels were determined immediately before 

the feeding and 15, 30, 60 and 120 minutes after the feeding.

2.4. Liver Histology

Liver samples were fixed in 10% buffered formalin and embedded in paraffin wax. A Leica 

AutoStainer XL (Leica Biosystems Inc., Buffalo Grove, IL) was used for automated 

hematoxylin and eosin staining (H&E). The histology of liver tissue (n=3 per group) was 

examined in 4.5-μm thick H&E stained sections.

2.5. Sample Preparation for 2-D DIGE

All mice were euthanized after a 6 hour fast at the same time of their light-dark cycle (8 

hour time point of light during the light-dark cycle). Liver samples were homogenized on ice 

in DIGE sample labeling buffer (7M urea, 2M thiourea, 30 mM Tris base, 4% CHAPS, pH 

9) using a Polytron Homogenizer (Power Gen 125, Thermo Fisher Scientific, Hampton, NH) 

and incubated at room temperature for 10 min prior to protein quantification by the Bradford 

assay (Bio-Rad, Hercules, CA). Samples were minimally labeled with CyDye DIGE Fluor 

dyes Cy2, Cy3 and Cy5 according to the manufacturer's instructions (GE Healthcare, Little 

Chalfont, United Kingdom) and as per a previously described strategy[15]. Briefly, 50ug of 

sample from each group (Akt1+/-/Akt2-/- or C57BL/6) was labeled and comprised of an 

equal amount of protein from each individual animal of the group (4 per group; different 

mice than from those used for body weight, glucose level and insulin level measurements). 

The labeling strategy was as follows: Akt1+/-/Akt2-/- and C57BL/6 samples were labeled 

with Cy3 and Cy5 and for normalization the same amount of protein from a pool of all 

samples was labeled with Cy2. Differentially labeled samples were mixed prior to 

rehydration loading. Additionally, a biological replicate of the above was performed and 

processed through all subsequent steps requisite for protein identification.
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2.6. IPG-strip Rehydration, IEF and 2-D Gel Electrophoresis

Mixed labeled samples were made up to 425 μl with DeStreak-rehydration solution (GE-

Healthcare), including 2% IPG buffer (pH intervals 4-7 or 6-11; GE-Healthcare) and then 

transferred to a rehydration tray. 24cm Immobiline Dry Strips covering pH intervals 3-7NL 

and 6-11 (GE Healthcare) were placed into the channel. Strips were then overlayed with 

mineral oil and rehydrated for 20 hours at room temperature in the dark. The first dimension 

was performed on an Ettan IPGphor3 (GE Healthcare) and started at 100V and continued 

until the current was less than 5uA per strip (approximately 12hrs) to desalt the sample and 

to ensure reaching the highest voltage. Isoelectric focusing the pH 3-7NL dry strips was as 

follows: 1 hour at 500V, a gradient voltage for 1 hour to 1000V, a gradient voltage for 3 

hours to 8000V, 4.5 hours at 8000V, a gradient voltage for 3 hours to 10000V and a final 

step at 10 000V for 3.25 hours. Isoelectric focusing the pH 6-11 dry strips was as follows: 1 

hour at 500V, a gradient voltage for 1 hour to 1000V, a gradient voltage for 3 hours to 

8000V, 7 hours at 8000V, a gradient voltage for 3 hours to 10000V and a final step at 

10000V for 5.5 hours. Prior to the second dimension, the gel strips were equilibrated and 

disulfide bonds were reduced and then subsequently alkylated in buffer (6 M urea, 2% SDS, 

30% glycerol, and 50 mM Tris–HCl, pH 8.6) containing 1% (w/v) dithiothreitol for the 

reduction reaction and then 2.5% (w/v) iodoacetamide for the alkylation reactions. Both 

reactions were performed for 15 minutes at room temperature. Alkylated sample strips were 

then rinsed with 2× electrophoresis buffer (25 mM Tris, pH 8.3, 192 mM glycine, and 0.2% 

SDS) and sealed onto 12.5% SDS-PAGE gels with 1% (w/v) agarose solution in 1× SDS-

PAGE buffer containing a trace of bromophenol blue (0.002% w/v). Electrophoresis was 

performed in 1× SDS-PAGE buffer at 20°C with an Ettan Dalt-six system (GE Healthcare) 

applying 10mA/gel for one hour and then 40mA/gel until the tracking blue dye front reached 

the bottom of the gel. For preparative gels, the same protocol as above was followed with 

the exception of 1000ug of unlabeled protein (with an equal portion from all individuals) 

used for the rehydration process. Preparative gels were stained with Coomassie Brilliant 

Blue G-250 overnight as per a previously described protocol [16]. Protein spot matching 

between analytical and preparative gels and spot excisions were performed manually.

2.7. 2-D DIGE Image Analysis

The Cy2, Cy3 and Cy5 labeled images were individually acquired on a Typhoon FLA 9500 

(GE Healthcare) at the excitation/emission wavelengths of 473/530 nm, 532/570 nm, 

635/665 nm, respectively. Gels were analyzed using DeCyder 2D Differential Analysis 

Software (version 7.2, GE Healthcare). To optimize comparative gel analysis, spot detection 

was performed after background subtraction and normalization of a set of images from the 

same gel. Gels were analyzed in the DIA module with exclusion selection criteria on spot 

volume (<10,000) and maximum slope (>1.0) then loaded into the BVA module for 

comparative analysis across multiple gels to identify differential spots between the Akt1+/-/

Akt2-/- and C57BL/6 group. Protein spots with abundance changes of ≥+1.3 or ≤-1.3 fold 

with a p-value ≤ 0.05 by t -test were deemed statistically significant. All spots meeting 

statistical criteria for a difference in abundance were manually verified for an acceptable and 

characteristic three dimensional profile.
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2.8. In-Gel Digestion and Protein Identification using MALDI TOF MS and MS/MS

Manual in-gel trypsin digestion of spots was performed essentially as previously described 

[17]. Briefly, excised gel pieces were washed once in 25mM ammonium bicarbonate, 

followed by two washes in 50%ACN/25mM ammonium bicarbonate and finally dehydrated 

in 100% ACN. Gel pieces were then dried to completion with a centrifugal evaporator. Gel 

pieces were incubated with trypsin (Sigma-Aldrich Corporation, St. Louis, MO) at a 

concentration of 12.5ng/ul overnight at 37°C. Peptides were recovered with three serial 

extractions with 60% ACN/5% formic acid and resuspended in 0.1% formic acid. All 

samples were desalted using ZipTipsC18 (EMD Millipore, Billerica, MA) as per the 

manufacturer's protocol and eluted directly in an α-cyano-4-hydroxycinnamic acid saturated 

solution (60% ACN/5% formic acid) onto a MALDI target plate with the dried droplet 

method. Spectra were acquired on an AB SCIEX TOF/TOF 5800 system (Framingham, 

MA) with spectra from MALDI-TOF acquired in positive ion reflector mode and MS/MS 

spectra acquired in 1-kV positive mode. A mass accuracy tolerance of 30 ppm for 

precursors, 0.3 Da for fragments, and one missed trypsin cleavage were permitted for tryptic 

mass searches of Mus musculus proteins in the UniProt database using the Paragon 

algorithm (ProteinPilot version 4.0; ABSCIEX). Positive protein identifications were made 

if more than two peptides with 95% confidence (as per the Paragon algorithm scoring 

system) mapped to the same protein and the percent sequence coverage was greater than 5%. 

When possible, spot locations of identified proteins were further validated by comparing the 

location of our identified spots to those in the SWISS-2D PAGE database [18].

2.9. Cellular Component and Canonical Pathway Analysis

The UniProt Knowledgebase (UniProtKB, http://www.uniprot.org) was used to identify the 

cellular component localization of the differentially expressed proteins. Ingenuity Pathway 

Analysis (IPA) software (Ingenuity, QIAGEN Silicon Valley, Redwood City, CA) was used 

to identify canonical pathways associated with differentially regulated proteins.

2.10. Statistical Analyses

All data presented for body weight, glucose and insulin measurements in the figures were 

expressed as mean ± SD. Areas under the curve were calculated with the trapezoidal 

method[19]. Statistical significance between groups for this data was evaluated using 

Student's t-test. Differences were deemed statistically significant at p<0.05. Statistical 

analyses for protein spot analysis, peptide/protein identification and pathway analysis were 

performed using default settings of application specific software (DeCyder, ProteinPilot, and 

Ingenuity Pathway Analysis, respectively).

3. Results

3.1. Growth and glucose homeostasis in AKT1+/-/AKT2-/- mice

AKT1+/-/AKT2-/- mice on a mixed genetic background have previously been shown to have 

a modestly reduced birth weight (8%) in comparison to wild type littermates [11]. To 

determine the subsequent effect of this genotype on body weight on a C57BL/6 background, 

age-matched wild type and AKT1+/-/AKT2-/- mice were weighed serially. The relative 

average body weight of AKT1+/-/AKT2-/- mice in comparison to wild type mice was 
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74-81% percent from 8 to 20 weeks of age (Figure 1A). To assess the diabetic phenotype in 

AKT1+/-/AKT2-/- mice, blood glucose levels were measured in both the fed and fasted state 

(Figures 1B and 1C). These mice demonstrated overt hyperglycemia regardless of their 

nutritional status. Additionally, the response to oral glucose tolerance testing (OGTT) was 

impaired in these mice and consistent with a diabetic phenotype (Figure 1C). During OGTT, 

AKT1+/-/AKT2-/- mice blood glucose levels were significantly elevated at all measured time 

points in comparison to wild type mice. As expected, the incremental area under the curve 

for glucose (mmol/L in 120 minutes) during OGTT was also increased in AKT1+/-/AKT2-/- 

mice in comparison to wild type mice (mean ± SD. wild type 432.9 ± 60.6 vs. AKT1+/-/

AKT2-/- 809.7 ± 237.0; p<0.001). Interestingly, the insulin level during the fasted state is 

increased in AKT1+/-/AKT2-/- mice in comparison to wild type mice but the insulin level in 

response to oral feeding in AKT1+/-/AKT2-/- mice was not significantly increased (p-

value=0.46 for 0 minutes vs. 15 minutes in AKT1+/-/AKT2-/- mice) (Figure 1D), similar to 

the inadequate insulin response seen in type 2 diabetes. To assess for hepatic insulin 

resistance as a contributor to the impaired glucose tolerance testing, we calculated the 

product of the area under the curve for glucose and insulin during the first 30 minutes of the 

OGTT as a previous study demonstrated a positive Pearson's correlation coefficient for this 

product and hepatic insulin resistance[20]. This value was 6.3-fold greater in the AKT1+/-/

AKT2-/- mice in comparison to wild type mice and implies hepatic insulin resistance in 

AKT1+/-/AKT2-/- mice (mean ± SEM. wild type 13,787 ± 1,148 vs. AKT1+/-/AKT2-/- 

87,250 ± 15,159; p<0.001). At 5-months of age, the liver parenchyma from AKT1+/-/

AKT2-/- mice was normal in comparison to age matched wild type mice and did not 

demonstrate evidence of lipid accumulation (Figure 1E). This is consistent with other studies 

which have demonstrated a pivotal role of Akt2 in fatty liver disease[21, 22]. These results 

recapitulate the insulin resistant phenotype previously observed on a mixed genetic 

background and allowed us to pursue proteomic profiling that could otherwise be 

confounded by a mixed genetic background [10, 23].

3.2. Identification of differentially expressed liver proteins of AKT1+/-/AKT2 -/- mice using 
2D-DIGE

To determine the effects of insulin resistance on protein expression in AKT1+/-/AKT2-/- 

mice, we performed a proteomic analysis using 2D-DIGE on liver samples from 20 week 

old mice. To increase overall protein spot resolution and proteome coverage, labelled 

protein extracts were analyzed on two separate 2D-DIGE gels with overlapping isoelectric 

points (pI 3-7 and 6-11). Each group (AKT1+/-/AKT2-/-or wild type mice) was comprised of 

an equal protein pool from 4 individual mice and a biological replicate was performed. Only 

matched spots demonstrating a statistical cut off point with a p-value ≤0.05 and an intensity 

fold change ≤-1.3 or ≥+1.3 on both replicates were deemed to be significantly changed. An 

overlay of channel images with differentially expressed spots from the 2D-DIGE for 

proteins with a pI 3-7 is shown in Figure 2. As per DeCyder software (version 7.2), 

approximately 2100 and 500 spots were identified on the gels with the pI ranges from 3-7 

and 6-11, respectively. The 2D-DIGE analysis revealed 17 differentially expressed spots that 

met our statistical criteria across both replicates. These spots were excised from a 

Coomassie Brilliant Blue G-250 stained preparative gel and identified through the use of 

MALDI-TOF/TOF and database interrogation. All 17 of these spots were identified and 
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resulted in 11 unique and differentially expressed proteins (Table 1). Peptide information 

used for identification is provided in Supplemental Table 1. 2 of these 11 proteins (albumin 

and ornithine aminotransferase, mitochondrial) were identified in multiple spots in the same 

molecular weight range and thus likely represent post-translational modifications or unique 

isoforms. Of note, 4 proteins demonstrated an increased abundance and 7 demonstrated a 

decreased abundance in the AKT1+/-/AKT2-/- liver samples in comparison to wild type liver 

samples.

3.3. Subcellular localizations and functional networks of differentially regulated proteins

Significantly altered proteins were classified based on their cellular component localization 

according to UniProt database searches (Figure 3A.) The differentially expressed proteins 

localized to the cytoplasm, mitochondrial matrix, endoplasmic reticulum, plasma membrane 

and secreted fraction with the majority located in the cytoplasm (6/11). For the interpretation 

of the biological significance of the proteins from Table 1, they were analyzed using IPA 

software. Canonical pathways of proteins that were up- or down regulated are shown in 

Figure 3B. The top regulated pathways involve the metabolism of intermediates of the urea 

cycle and underscore the significant up-regulation of the urea cycle in the liver of AKT1+/-/

AKT2-/- mice [24]. The S-adenosyl-L-methionine (SAM) biosynthesis pathway was also up-

regulated and may suggest the dependency in an insulin resistant state to generate a methyl 

group donor (SAM) for a multitude of reactions needed to maintain homeostasis.

4. Discussion

Hereditary forms of lipodystrophy are often associated with insulin resistance, diabetes and 

hepatic steatosis. AKT1+/-/AKT2-/- mice are similar to other murine models of 

lipodystrophy in that they demonstrate an overt diabetic phenotype that is largely secondary 

to a leptin deficiency and resulting insulin resistance[25, 26]. However, unlike these other 

models, AKT1+/-/AKT2-/- mice do not demonstrate accumulation of fat in the liver. This is 

most likely secondary to Akt2 being requisite for hepatic lipogenesis and the development of 

fatty liver disease[21, 22]. Mice which are deficient for the insulin receptor substrates (IRS) 

IRS-1 and IRS-3 also demonstrate this unique phenotype of leptin deficient insulin 

resistance without hepatic steatosis[27]. AKT1+/-/AKT2-/- mice highlight the nonredundant 

and complementary roles of signaling molecules downstream of the insulin receptor and this 

study, to our knowledge, is the first to investigate proteomic changes in such a model.

Tissue based proteomic studies have highlighted tissue specific changes, the influence of the 

model utilized and technical aspects of such work. Meta-analyses of these studies have also 

demonstrated a surprisingly low concordance of such datasets [28, 29]. To this end, we 

utilized a genetic model of insulin resistance and an experimental approach designed to 

detect reproducible changes. As such, we used inbred mice of the same gender and age and 

of a similar nutritional status at the time of sacrifice. Additionally, mice were euthanized at 

the same time of their entrained light-dark cycle to control for potential diurnal variation of 

protein levels. In this study, only male mice were used as female AKT1+/-/AKT2-/- mice do 

not demonstrate an overt diabetic phenotype and random blood glucose levels are not 

significantly different from wild type mice. Sexual dimorphism has been observed in other 

mouse models of diabetes and insulin resistance and is likely in part due to gender 
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differences in basal and fed leptin levels in this mouse strain[2, 4, 30-32]. Liver samples 

from insulin resistant and wild type animals were pooled and a biological replicate of the 

2D-DIGE and downstream spot analysis was performed. Only protein spots determined to 

be in matching locations with statistically significant changes in abundance were considered 

to be differentially regulated in this model. This stringent approach yielded 11 proteins. The 

majority of the differentially regulated proteins (54%) are typically localized to the 

cytoplasm. While our study replicates demonstrated variability, subsequent pathway analysis 

of altered proteins revealed highly similar affected pathways between the replicates when 

analyzed individually, as well as in comparison to the proteins identified on both replicates 

(data not shown).

It is important to put the identified proteins in the context of the pathophysiology of insulin 

resistance and previous studies of insulin resistance and diabetes.

In multiple studies and ours, hepatic regucalcin levels have been shown to be decreased in 

the setting of diabetes [33-35]. Importantly, previous work has also shown that a 

subcutaneous injection of insulin increases regucalcin mRNA levels and that insulin 

stimulation of a human hepatoma cell line increases regucalcin protein abundance [36, 37]. 

This implies that regucalcin gene expression and protein levels are directly regulated by 

insulin signaling. The usefulness of individual serum regucalcin levels as a surrogate for 

insulin resistance remains to be elucidated.

The physiological role of carbonic anhydrase 3 (CAH3) remains unclear and it has been 

proposed to have functions other than of a hydratase and esterase given its minimal activity 

levels in comparison to other isoforms [38]. To this point, the abundance and activity of 

hepatic CAH3 have previously been shown to be decreased in the streptozotocin induced 

diabetes model in rats [39, 40]. This is of interest in the context of that downregulation of 

CAH3 leads to significantly increased PPARγ2 gene expression in vitro [41]. In a separate 

study, insulin receptor substrate-1 (IRS-1) levels were decreased in PPARγ2 knockout mice 

and these animals demonstrated impaired insulin sensitivity [42]. Therefore, the down 

regulation of CAH3 levels in our dataset is perhaps part of a compensatory mechanism to 

increase insulin sensitivity in the overt model of insulin resistance that we utilized.

Annexins are a broadly expressed, evolutionarily conserved group of proteins that bind 

phospholipids in a calcium dependent manner. The function of these proteins in the liver 

remains unknown, but they are typically implicated to play roles in development, 

proliferation, apoptosis and inflammation[43]. Annexin A5 levels have been positively 

correlated with many different tumor types, including hepatocellular cancer[44]. In our 

study, annexin A5 was shown to be upregulated and annexin A6 was shown to be 

downregulated. Other proteomic studies in models of insulin resistance and liver injury have 

demonstrated similar changes with regards to abundance and direction of change of these 

annexins [45-48]. Phenazine biosynthesis-like domain-containing protein 2, found to be of 

decreased abundance in the AKT1+/-/AKT2-/- - mice in our dataset, has previously been 

detected at reduced levels in hepatocellular tumors [49]. This pattern of changes of annexin 

A5, annexin A6 and phenazine biosynthesis-like domain-containing protein 2 implies a pro-

inflammatory state and liver dysfunction in this model of insulin resistance.
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S-adenosylmethionine synthase isoform type-1 is the rate limiting step of the methionine 

cycle and catalyzes the formation of S-adenosylmethionine (SAM) from methionine and 

ATP. SAM donates its methyl group in transmethylation reactions to secondary metabolites, 

lipids, proteins and DNA. In the context of metabolism, SAM has been implicated in the 

development of obesity and diabetes and is the methyl donor in the synthesis of carnitine 

which is required to shuttle long chain acyl groups into the mitochondria for beta-oxidation 

[50]. In insulin resistant AKT1+/-/AKT2-/- mice, one would hypothesize that fatty acid 

oxidation would be the primary source of energy for the liver and thus sufficient levels of 

carnitine would be needed to meet the metabolic demands of the liver. Consistent with this, 

a previous study has shown decreased fatty acid accumulation in the livers of diabetic mice 

upon carnitine supplementation [51]. This proposed mechanism of carnitine facilitated fatty 

acid oxidation has led to multiple clinical trials with mixed results on metabolic parameters 

including blood glucose and lipid levels [52-54].

Liver carboxylesterases are major hydrolases that play an important role in drug and lipid 

metabolism [55]. It was reported recently that the expression of carboxylesterase 1d (Ces1d) 

and carboxylesterase 1e (Ces1e) decreased in type 2 diabetic mice [56]. Another study 

showed that carboxylesterase expression and activity were inhibited by lipopolysaccharide 

or interleukin-6 under hyperglycemic conditions in primary mouse hepatocytes [57]. Our 

results show that mouse liver carboxylesterases 3A is downregulated in AKT1+/-/AKT2-/- 

mice, which implicates possible drug and lipid metabolism disorder in this model of insulin-

resistance.

Aldehyde dehydrogenase catalyzes the oxidation of aldehyde during alcohol metabolism. 

Aldehyde dehydrogenase protein abundance was decreased by a high fat diet in mice [58]. It 

is one of the most common proteins to display a significant quantitative change in liver 

mitochondria proteomes in different pathological states, implying it can be a biomarker for 

mitochondrial dysfunction[29]. The decrease of aldehyde dehydrogenase protein in our 

dataset might be an indicator of liver mitochondrial dysfunction in response to severe insulin 

resistance.

Ornithine aminotransferase is a mitochondrial enzyme of the urea cycle that catalyzes the 

formation of glutamate from ornithine. It is reported to be a potential target for treating 

hyperammonia [59]. Consistent with our findings, a previous study showed that ornithine 

aminotransferase was upregulated by a high-fat diet and served as a biomarker for liver 

injury and increased gluconeogenesis via amino acid catabolism [60]. Glucagon levels are 

abnormally elevated in type 2 diabetes and dramatically increase the synthesis rate of 

ornithine aminotransferase [61, 62]. Interestingly, our two-dimensional gel electrophoresis 

detected this enzyme in 3 different spots with different isoelectric points and the same 

molecular weight, consistent with post-translational modifications such as acetylation. It is 

noteworthy that high fat feeding was reported to induce mitochondrial protein 

hyperacetlyation due to downregulation of NAD-dependent deacetylase sirtuin-3 (SIRT3) 

[63, 64].

Disease-based proteomic studies have inherent strengths and weaknesses that are largely 

determined by the pathology of the disease and the approach taken to investigate the 
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proteome. We feel that relative strengths of this study were our attempt to control for 

potential confounders (genetic background, gender, age, nutritional status, diurnal 

fluctuations and statistical power) and the use of 2D-DIGE. While the use of gel-based 

proteomics comes with limitations, in particular decreased sensitivity for low abundance and 

membrane proteins, it does allow for the simultaneous detection of proteins with an absolute 

change in abundance and/or those that have undergone post-translational modifications. This 

is of clinical relevance as particular post-translational modifications may play a role in the 

pathogenesis of heterogeneous diseases such as diabetes. While the animal model of insulin 

resistance utilized in this study is not widely studied, our approach did identify proteomic 

changes previously identified in other models of insulin resistance, diabetes and 

hepatocellular injury. In fact, several of the proteins we identified have previously been 

studied in humans as biomarkers of disease activity[65-67]. Importantly, it is becoming 

evident that biomarker panels comprised of several proteins can result in improved clinical 

management as they can have greater sensitivity, specificity and predictive value than a 

single biomarker[68, 69]. Further work is needed to determine if such a panel would be 

clinical useful in the management of diabetes and its complications.

In summary, our proteomic analysis in a murine model of severe insulin resistance detected 

11 liver proteins with significant changes. These changes can be explained in the context of 

previous studies utilizing models of a high fat diet, insulin resistance and overt diabetes. The 

stringent approach of using two biological replicates of pooled samples facilitates the 

identification of potential biomarkers for liver dysfunction in patients suffering from insulin 

resistance.
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Abbreviations

IRS insulin receptor substrate

PI3K phosphoinositide 3-kinase

2-D DIGE-two-dimensional differential gel electrophoresis

pI isoelectric point

MALDI matrix-assisted laser desorption/ionization

TOF time of flight
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Figure 1. Analyses of body weights, random serum glucose levels, OGTT and liver histology
(A) Adult body weights of wild type and Akt1+/-/Akt2-/- mutant mice. (B) Random blood 

glucose levels of wild type and Akt1+/-/Akt2-/- mutant mice. (C) Blood glucose levels during 

OGTT of 20-week- old of wild type and Akt1+/-/Akt2-/- mutant mice. (D) Plasma insulin 

levels during OGTT of 20-week- old of wild type and Akt1+/-/Akt2-/- mutant mice. (E) 

Representative photomicrographs (×200) of liver sections stained with H&E from 20-week-

old wild type and Akt1+/-/Akt2-/- mutant mice. All results are mean +/- SD. The markings 

indicate statistical significance in comparison to wild type mice at the same time point 

(*p<0.001, ‡p<0.005).
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Figure 2. Representative 2D-DIGE gel of liver proteins
The gel depicts proteins with an pI 3-7 further separated by molecular weight in a 12.5% 

polyacrylamide gel. Statistically significant, differentially expressed proteins from both 

replicates are circled on the above gel. Red circles indicate increased and blue circles 

indicate decreased normalized protein levels in AKT1+/-/AKT2-/- mice in comparison to 

wild type mice. Information on their identities and differential expression is in Table 1.
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Figure 3. Classification of identified proteins and biological pathway analysis
(A) Cellular component localization of the 11 differentially expressed proteins identified as 

per UniProt. For each cellular component, the number of proteins in each class is given. (B) 

Enriched biological process networks by IPA software for the 11 differentially expressed 

proteins. The –log(p-value) for the enriched networks is as is per the height of the bars along 

the y-axis on the left. Upregulated pathways are colored yellow and downregulated 

pathways are colored blue. The ratio of the number of enriched proteins from our dataset in 

comparison to the total number of proteins within a pathway is indicated by the orange line 

and as per the y-axis on the right.
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Table 1
2D-DIGE Analysis

List of proteins identified in spots when comparing liver samples from wild type and AKT1+/-/AKT2-/- mice. 

All variant protein spots have a fold cutoff change of ≤ or ≥ 1.3 and a p-value <0.05 in both replicates. Mean 

fold change is for AKT1+/-/AKT2-/- mice in comparison to wild type mice. The spot numbers refer to spot 

number in Figure 2. Carbonic anhydrase 3 was identified on the gel for the basic range (data not shown). 

Additional information can be found in Supplemental Table 1.

Spot # Protein Name UniProt ID Mean Fold Change

1 Annexin A6 ANXA6_MOUSE -1.37

2,3,4,5,6 Serum albumin ALBU_MOUSE -2.04, -2.28, -2.36, -2.24, -2.05

7 Carboxylesterase 3A EST3A_MOUSE -1.5

8 Aldehyde dehydrogenase, mitochondrial ALDH2_MOUSE 1.36

9,10,11 Ornithine aminotransferase, mitochondrial OAT_MOUSE +1.71,+2.21, +2.20

12 S-adenosylrnethionine synthase isoform type-1 METK1_MOUSE +1.48

13 Annexin A5 ANXA5_MOUSE +1.95

14 Arginase-1 ARGI1_MOUSE +1.71

15 Regucalcin RGN_MOUSE -1.69

16 Phenazine biosynthesis-like domain-containing protein 2 PBLD2_MOUSE -1.38

- Carbonic anhydrase 3 CAH3_MOUSE -1.98
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