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2 Department of Medicine, University of California San Diego, San Diego, California, United States of

America, 3 Metabolon, Inc, Research Triangle Park, Morrisville, North Carolina, United States of America

* mhgao@vapop.ucsd.edu

Abstract

Introduction

Urocortin 2 (Ucn2) is a 38-amino acid peptide of the corticotropin-releasing factor family.

Intravenous (IV) delivery of an adeno-associated virus vector serotype 8 encoding Ucn2

(AAV8.Ucn2) increases insulin sensitivity and glucose disposal in mice with insulin

resistance.

Objective

To determine the effects of Ucn2 on liver metabolome.

Methods

Six-week-old C57BL6 mice were divided into normal chow (CHOW)-fed and high fat diet

(HFD)-fed groups. The animals received saline, AAV8 encoding no gene (AAV8.Empt) or

AAV8.Ucn2 (2x1013 genome copy/kg, IV injection). Livers were isolated from CHOW-fed

and HFD-fed mice and analyzed by untargeted metabolomics. Group differences were sta-

tistically analyzed.

Results

In CHOW-fed mice, AAV8.Ucn2 gene transfer (vs. saline) altered the metabolites in glycoly-

sis, pentose phosphate, glycogen synthesis, glycogenolysis, and choline-folate-methionine

signaling pathways. In addition, AAV8.Ucn2 gene transfer increased amino acids and pep-

tides, which were associated with reduced protein synthesis. In insulin resistant (HFD-

induced) mice, HFD (vs CHOW) altered 448 (112 increased and 336 decreased) metabo-

lites and AAV8.Ucn2 altered 239 metabolites (124 increased and 115 reduced) in multiple

pathways. There are 61 metabolites in 5 super pathways showed interactions between diet

and AAV8.Ucn2 treatment. Among them, AAV8.Ucn2 gene transfer reversed HFD effects

on 13 metabolites. Finally, plasma Ucn2 effects were determined using a 3-group compari-

son of HFD-fed mice that received AAV8.Ucn2, AAV.Empt or saline, where 18 metabolites
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that altered by HFD (15 increased and 3 decreased), but restored levels to that seen in

CHOW-fed mice by increased plasma Ucn2.

Conclusions

Metabolomics study revealed that AAV8.Ucn2 gene transfer, through increased plasma

Ucn2, provided counter-HFD effects in restoring hepatic metabolites to normal levels, which

could be the underlying mechanisms for Ucn2 effects on increasing glucose disposal and

reducing insulin assistance.

Introduction

The corticotropin-releasing factor family (CRF) consists of 3 members, Ucn1, Ucn2, and

Ucn3. Ucn1 binds to the corticotropin-releasing factor family receptor 1 (CRFR1), but Ucn2

and Ucn3 selectively bind to CRFR2 and promotes stress-coping responses via CRFR2-me-

diated anxiolytic effects [1, 2]. CRFR1 is mainly expressed in the brain and pituitary gland,

whereas CRFR2 in mice is found not only in central nervous system but also in peripheral tis-

sues, such as the heart, liver, pancreas and skeletal muscle [3–5]. Activation of CRFR2 signal-

ing axis by Ucn2 and Ucn3 mediates a broad range of physiological responses include energy

balance, cardiac function, and glucose metabolism [6–9]. Deletion of gene for CRFR2 devel-

oped impaired glucose tolerance on normal-Chow-fed male, but not female mice [10].

Previous studies demonstrated that adeno-associated viral vector serotype 8 mediated Ucn2
(AAV8.Ucn2) expression increased plasma Ucn2 >15 fold, which persists at least 7 months,

increases left ventricular function of normal and failing heart, and reduces the adverse effects

of a Western diet on cardiac function in mice [11–13]. AAV8.Ucn2 gene transfer also increases

insulin sensitivity and glucose disposal in insulin resistant mice, effects were abolished in

CRFR2 deleted mice [9]. Interestingly, unlike Ucn2, AAV8.Ucn3 gene transfer has no effects

on glucose disposal, although it increased cardiac function [14]. In addition to increasing skel-

etal muscle glucose uptake, Ucn2 gene transfer decreases hepatic glucose production and

reduces fatty infiltration of liver in mice rendered insulin resistant by HFD [15]. These data

indicate that Ucn2 gene transfer alters liver metabolism in restoring insulin sensitivity in

HFD-fed mice.

To understand how the liver responds to Ucn2 gene transfer, we used untargeted metabolo-

mics to determine metabolites that are altered in normal and in insulin-resistant mice.

Materials and methods

Animal use

Thirty-six C57BL/6 male mice (6 weeks old) were obtained from The Jackson Laboratory.

Mice were fed either a cereal-based normal Chow for 7 weeks (CHOW, Harlan Teklad Lab) or

High Fat Diet (HFD,60 kcal%; Research Diets, 8 weeks) ad lib and received either saline,

AAV8.Empt, or AAV8.Ucn2 (2x1013 gc/kg) via intravenous (iv) injection as indicated in the

schematics (Fig 1A). Liver tissues were collected 13 weeks (CHOW group) or 17 weeks (HFD

group) after gene transfer. All animal procedures were approved by the VA San Diego Health

System IACUC and complied with the guidelines.
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AAV8 vector production and gene transfer

AAV8 vector encoding murine Ucn2 gene driven by a chicken β-actin promoter and control

empt (scrambled DNAs) vector were previously described [12]. Viral vector (2x1013 gc/kg

body weight) in 100 μl of volume or similar volume of saline was delivered via jugular vein

under anesthesia.

Sample preparation and mass spectrometry analysis for global

metabolomics

Liver was excised, immediately frozen and stored at -80˚C until processed. Sample preparation

was carried out as described previously at Metabolon, Inc. [16]. Briefly, samples were homoge-

nized and subjected to methanol extraction. Samples were split into aliquots for analysis by

ultrahigh performance liquid chromatography/mass spectrometry (UHPLC/MS). The four ali-

quots used in the studies are for conditions of 1) acidic positive ion conditions, chromato-

graphically optimized for more hydrophilic compounds; 2) acidic positive ion conditions,

chromatographically optimized for more hydrophobic compounds; 3) basic negative ion opti-

mized conditions using a separate dedicated C18 column; 4) negative ionization following elu-

tion from a HILIC column and the fifth aliquot was reserved for backup. Metabolites were

identified by automated comparison of the ion features in the experimental samples to a refer-

ence library of chemical standard entries that included retention time, molecular weight (m/z),

preferred adducts, and in-source fragments as well as associated MS Spectra and curated by

Fig 1. Study design, metabolomics library, principal component and statistical heatmap analysis. A. Study design and experimental timelines.

B. Principal Component Analysis (PCA) showed distinct metabolomic profiles between samples isolated from livers of CHOW-fed and HFD-fed

mice. C. Statistical heat map of comparisons between groups. A8, AAV8; CHOW, normal Chow; HFD, high fat diet.

https://doi.org/10.1371/journal.pone.0224428.g001
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visual inspection for quality control using software developed at Metabolon. Identification of

known chemical entities is based on comparison to metabolomic library entries of purified

standards. As a result, Metabolon was able to identify 714 biochemicals representing 9 super

pathways and 88 sub pathways (Table 1).

A variety of curation procedures were carried out as previously described [17] to ensure

that a high-quality data set was made available for statistical analysis and data interpretation.

Statistical tests were performed in ArrayStudio (Omicsoft) to compare data between experi-

mental groups; p< .05 is considered significant. An estimate of the false discovery rate (Q-

value) is also calculated to take into account the multiple comparisons that normally occur in

metabolomic-based studies, with Q < .05 used as false positive rate when there is one test.

In vivo protein synthesis monitoring

SUnSet (surface sensing of translation) was performed to monitor protein synthesis in vivo as

described previously [18]. Briefly, mice that received saline or AAV8.Ucn2 (2x1013gc/kg) were

injected with 20 μg/g body weight of puromycin (Sigma) via intraperitoneal injection 7 weeks

after gene transfer. Tissues were collected at 30 min after injection and immediately frozen in

liquid nitrogen. Tissue homogenates were prepared in lysis buffer (1% SDS, 1% NP-40, 50 mM

NaF, 2 mM EDTA, 1 mM Na3VO4, protease inhibitor cocktail tablet, 100 mM NaCl and 10

mM Tris-HCl, pH 7.5), and 50 μg total proteins were separated via SDS-PAGE. Immunoblot-

ting was performed using anti-puromycin antibody (1:10000, EMD Millipore) and anti-vincu-

lin antibody (1:100000, Sigma).

Statistical analysis

Principal component analysis (PCA) were performed by Metabolon Inc. Briefly, the first prin-

cipal component was computed by determining the coefficients of the metabolites that maxi-

mizes the variance of the linear combination. The second component finds the coefficients

that maximize the variance with the condition that the second component is orthogonal to the

first. The third component is orthogonal to the first two components and so on. The total vari-

ance was defined as the sum of the variance of the predicted values of each component (the

variance is the square of the standard deviation), and for each component, the proportion of

the total variance was computed.

Welch’s t-test was used for the two-group comparison, and null hypothesis was rejected

when p< .05. Two-Way ANOVA was used to determine the interaction between diet and

treatment. One-Way ANOVA was used for the three-group comparison and post hoc compar-

ison was performed using Sidak’s multiple comparison test with correction.

Table 1. Liver metabolite library.

Super Pathways Sub Pathways Identified Metabolites

Amino Acid 15 144

Peptide 3 23

Carbohydrate 8 40

Energy 2 12

Lipid 44 364

Nucleotide 9 65

Cofector & Vitamin 12 40

Xenobiotic 5 26

Total 88 714

https://doi.org/10.1371/journal.pone.0224428.t001
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Selection criteria

Metabolites that were significantly altered by HFD or AAV gene transfer were selected from

between group comparisons with value larger or smaller than 1 and p < .05. Up-regulated

metabolites were highlighted in red and downregulated in green.

Results

Principal component analysis (PCA)

In the present study, 714 metabolites in liver were identified and categorized based on meta-

bolic pathways (Tables 1 and 2, S1 Table). In order to allow visual assessment of similarities

and differences between samples, PCA analysis were performed, where liver samples showed

distinct separations between normal Chow (CHOW) and high fat diet (HFD) groups (Fig 1B).

Although there are some overlaps within the same diet regimen, each treatment (saline,

AAV8.Empt andAAV8.Ucn2) showed distinguishable separations indicating strong treatment

effect (Fig 1B).

AAV8.Ucn2 regulates glucose homeostats in mice fed with normal chow

AAV8.Ucn2 effects were determined by comparing metabolites altered by AAV8.Ucn2 vs

saline in CHOW-fed mice. As a result, AAV8.Ucn2 altered 212 metabolites, in which 161

metabolites were upregulated and 51 were downregulated (Fig 1C, Table 2, S1 and S2 Tables).

We have previously showed that AAV8.Ucn2 gene transfer increases glucose disposal and

decreases fasting glucose without hypoglycemia in normal C57BL/6 mice [14, 15]. Indeed,

AAV8.Ucn2 gene transfer reduced metabolites of glucose, lactate, 6-phosphogluconate (6pgn),

sedoheptulose 7-phosphate (Sh7p) and pentose which indicate significant changes in glycolysis

and pentose metabolisms (Fig 2A and 2C). AAV8.Ucn2 gene transfer also decreased polysac-

charides such as maltopentaose, maltotetraose, maltotriose whereas it increased UDP-glucose/

UDP-galactose in liver (Fig 2B and 2C). In addition, AAV8.Ucn2 also increased ketone body

by 2 fold (3-hydroxybutyrate, Fig 2C). Increased ketone bodies and decreased polysaccharides

(glycogen) imply increased gluconeogenesis in hepatocytes due to low blood glucose level [19].

Therefore, it is plausible that gluconeogenesis in hepatocytes are increased to prevent hypogly-

cemia in normal mice that received Ucn2 gene transfer. Taken together, AAV8.Ucn2 gene

transfer regulates glucose homeostats at multiple stages in glucose metabolism pathways.

Table 2. Altered liver metabolites in mice fed with CHOW or HFD.

Super Pathway AAV8.Ucn2 vs Saline in

CHOW

AAV8.Ucn2 vs Saline in HFD HFD vs CHOW AAV8.Empt vs Saline in HFD

up down up down up down up down

Amino acids 44 5 20 6 15 80 10 45

peptide 5 0 13 1 1 14 1 4

carbohydrate 5 15 10 1 0 18 15 2

Energy 3 0 1 0 1 2 0 0

lipid 67 25 43 98 77 149 3 91

nucleotide 22 2 18 7 8 36 10 20

cofactor & vitamins 12 1 14 2 9 20 6 1

Xenobiotics 3 3 5 0 1 17 0 1

Total 161 51 124 115 112 336 45 164

https://doi.org/10.1371/journal.pone.0224428.t002
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AAV8.Ucn2 gene transfer reduced protein synthesis

AAV8.Ucn2 gene transfer increased 44 metabolites within amino acid pathways in CHOW-

fed mice when compared to saline injected mice (Tables 2 and 3, S1 and S2 Tables). Increased

levels of liver amino acids and intermediate metabolites might be resulted from reduced pro-

tein synthesis. To test this hypothesis, we examined protein synthesis in livers of normal mice,

with and without AAV8.Ucn2 gene transfer, using SUnSET maltopentaose method [20].

Incorporated puromycin in newly synthesized polypeptides was decreased in samples from

mice that received AAV8.Ucn2 vs mice that received saline (Fig 3). These results demonstrated

that AAV8.Ucn2 gene transfer reduces liver protein synthesis, which leads to increased liver

metabolites in amino acid pathways.

Fig 2. A. Diagram of glycolysis/gluconeogenesis and pentose phosphate pathways. Arrows indicate altered metabolites by AAV8.Ucn2 gene

transfer. B. Diagram of glycogen synthesis and glycogenolysis pathways. Arrows indicate altered metabolites by AAV8.Ucn2 gene transfer. C.

Metabolites altered by AAV8.Ucn2 in CHOW-fed mic liver. Metabolites in mice livers received AAV8.Ucn2 or saline were compared. Green

indicates fold reduction and red is for fold increase by AAV8.Ucn2 with p�0.05 that were obtained from Student’s t-tes (unpaired, 2 tails). Group

size: Saline, n = 6; Ucn2, n = 5.

https://doi.org/10.1371/journal.pone.0224428.g002
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HFD effects on liver metabolites (HFD vs CHOW)

To determine the effects of HFD on mice liver metabolism, we compared metabolites between

saline injected HFD-fed and CHOW-fed mice. HFD altered 63% (448 out of 714) of allde-

tected liver metabolites, in which 112 were upregulated and 336 were downregulated (Fig 1C,

Table 2, S1 and S3 Tables). Fifty percent of metabolites altered by HFD are within the lipid

metabolism pathway (77 upregulated and 149 downregulated, Table 2). HFD results in signifi-

cant increase in long chain fatty acids (8/15), polyunsaturated fatty acids (6/18), acyl carnitine

(6/15), diacylglycerols (17/39), ceramide (10/13) and sphingosines (3/3), metabolites most

likely associated with insulin resistance and fatty liver [21]. On the other hand, HFD reduced

47 out of 56 metabolites within phospholipid metabolism pathways including phosphatidyl-

choline (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol

(PG), phosphatidylinositol (PI), metabolites required for normal cell metabolisms [22, 23].

HFD also resulted in significant reduction of lysophospholipids (12/26) and plasmalogens (5/

8) (S1 and S3 Tables).

HFD also down regulated 36 metabolites within nucleotide metabolism and 80 amino acids

(Table 2, S1 and S3 Tables), which could be linked to increased DNA and protein synthesis,

effects that opposite to what we have seen from AAV8.Ucn2 gene transfer (Table 2 and S2

Table).

Table 3. Metabolites increased by AAV8.Ucn2 in amino acid metabolisms in SHOW–fed mice. Liver metabolites were compared between AAV8.Ucn2 and saline

(n = 5 per group). Red indicates fold increase by AAV8.Ucn2 with p�.05 and metabolite ratio of<1.00.

Sub Pathway Biochemical Name AAV8.Ucn2 vs

Saline

Sub Pathway Biochemical Name AAV8.Ucn2 vs

Saline

Glycine, Serine and Threonine

Metabolism

glycine 1.24 Leucine, Isoleucine and Valine

Metabolism

3-methylcrotonylglycine 2.78

N-acetylglycine 1.78 isoleucine 1.35

betaine 2.19 N-acetylisoleucine 1.34

betaine aldehyde 2.40 2-methylbutyrylglycine 2.33

serine 1.15 valine 1.32

N-acetylserine 1.63 N-acetylvaline 1.57

threonine 1.24 Methionine, Cysteine, SAM and

Taurine Metabolism

methionine 1.31

N-acetylthreonine 2.37 N-acetylmethionine 1.25

Alanine and Aspartate

Metabolism

aspartate 1.47 S-methylcysteine 1.63

N-acetylaspartate

(NAA)

1.71 hypotaurine 2.55

Histidine Metabolism histidine 2.08 taurocyamine 1.59

formiminoglutamate 5.48 Urea cycle; Arginine and Proline

Metabolism

urea 1.60

anserine 1.79 ornithine 1.19

Lysine Metabolism lysine 1.19 proline 1.26

N2-acetyllysine 2.06 dimethylarginine (SDMA

+ ADMA)

1.33

N6-acetyllysine 2.03 N-acetylcitrulline 2.52

N6,N6,

N6-trimethyllysine

1.50 N-delta-acetylornithine 4.51

Phenylalanine Metabolism phenylalanine 1.18 N-alpha-acetylornithine 1.98

Tryptophan Metabolism C-glycosyltryptophan 1.49 N-monomethylarginine 1.21

kynurenine 3.74 Guanidino and Acetamido

Metabolism

4-guanidinobutanoate 1.63

Leucine, Isoleucine and Valine

Metabolism

leucine 1.20 Glutathione Metabolism 5-oxoproline 1.28

isovalerylglycine 1.66 2-hydroxybutyrate/

2-hydroxyisobutyrate

2.10

https://doi.org/10.1371/journal.pone.0224428.t003
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Interaction between diets and AAV8.Ucn2 gene transfer

The effects of AAV8.Ucn2 in HFD vs normal chow were analyzed using two-way ANOVA on

four groups of samples (Chow-saline, HFD-saline, Chow-Ucn2, and HFD-Ucn2). Sixty-one

metabolites showed interactions between diet and treatment. Among these 61 metabolite, 13

of them in 4 super pathways showed that treatment effects, meaning that HFD changed them,

but AAV8.Ucn2 restored them to the normal levels seen in Chow-fed mice. (Table 4 and S4

Table). Partially, HFD increased levels of 3 diacylglycerols in lipid super pathway, but AAV8.

Ucn2 reduced them. These findings suggest that AAV8.Ucn2 gene transfer increases insulin

sensitivity by reducing liver diacylglycerols.

Effects of AAV8.Empt vector on liver metabolites in insulin resistant mice

The effects from AAV8.Empt vector gene transfer were determined by comparison of metabo-

lites from HFD-fed mice that received AAV8.Empt vs those that received saline. AAV8.Empt

vector altered 209 metabolites that were widely distributed within 6 super pathways including

amino acid, peptide, carbohydrate, lipid metabolites, nucleotides, and cofactors/vitamins (Fig

1C, Table 2, S1 and S5 Tables). AAV8.Empt gene transfer did not alter glucose disposal and

insulin resistance [15]. Therefore, the vector effects, along with the effects from saline injec-

tion, served as controls in determination of the effects solely from Ucn2 gene expression.

Fig 3. Protein synthesis reduced by AAV8.Ucn2 gene transfer in CHOW. Immunoblotting of puromycin-

incorporated newly synthesized proteins in liver. Liver protein synthesis was decreased in mice that received Ucn2
gene transfer.

https://doi.org/10.1371/journal.pone.0224428.g003
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Table 4. Interaction between diet and treatment. Liver metabolites from 4 groups (CHOW-Saline, HFD-Saline, CHOW-Ucn2, and HFD-Ucn2) of mice were analyzed

using 2-Way ANOVA. Sixth-one out of 714 metabolites had significant interaction between diet and AAV8.Ucn2 treatment. The rows containing bold and italic numbers

showed that AAV8.Ucn2 reversed HFD effects. CHOW-Saline, n = 6; CHOW-Ucn2, n = 5; HFD-Saline and HFD-Ucn2, n = 8/group.

Metabolites Mean p-value

Chow-Saline HFD-Saline Chow-Ucn2 HFD-Ucn2 Treatment Diet Interactions

1 N-acetylserine 1.5321 1.0792 2.5041 1.0167 0.0049 <0.0001 0.0007

2 threonine 1.6180 1.0125 2.0012 1.0079 0.0189 <0.0001 0.0115

3 N-acetylthreonine 1.5807 0.9403 3.7505 1.0949 <0.0001 <0.0001 0.0002

4 aspartate 1.6503 1.0055 2.4269 1.0707 0.0014 <0.0001 0.0170

5 histidine 1.3640 1.0165 2.8428 1.0668 <0.0001 <0.0001 <0.0001

6 formiminoglutamate 4.3343 1.0623 23.7655 0.8382 0.0208 <0.0001 0.0020

7 N6-acetyllysine 2.0371 0.9660 4.1365 1.1449 0.0044 <0.0001 0.0161

8 N6,N6,N6-trimethyllysine 1.4315 1.0021 2.1485 1.0281 0.0108 <0.0001 0.0167

9 phenylalanine 1.5064 1.0180 1.7716 1.0433 0.0022 <0.0001 0.0191

10 kynurenine 1.9366 0.8673 7.2380 1.1672 0.0001 <0.0001 0.0044

11 leucine 1.4775 1.0288 1.7659 1.0299 0.0222 <0.0001 0.0165

12 isoleucine 1.3664 1.0416 1.8392 1.0274 0.0009 <0.0001 0.0004

13 2-methylbutyrylglycine 1.5394 1.0372 3.5843 1.2489 0.0064 <0.0001 0.0303

14 valine 1.4931 1.0175 1.9729 1.0276 0.0014 <0.0001 0.0018

15 N-acetylvaline 1.6569 0.9696 2.5977 1.0075 0.0052 <0.0001 0.0244

16 isobutyrylcarnitine (C4) 2.9096 0.5151 3.2379 0.9041 0.0072 <0.0001 0.0430
17 methionine 1.5555 1.0051 2.0435 1.0741 0.0004 <0.0001 0.0178

18 S-adenosylhomocysteine (SAH) 1.4427 0.4942 1.6648 0.9419 0.0002 <0.0001 0.0117
19 hypotaurine 1.5448 0.7695 3.9403 0.9219 0.0026 <0.0001 0.0140

20 taurine 0.9698 1.0192 0.5331 1.0292 0.0001 <0.0001 0.0001

21 ornithine 1.2841 1.0516 1.5298 0.9967 0.0461 <0.0001 0.0006

22 homocitrulline 1.9965 0.2370 1.7740 0.9266 0.0042 <0.0001 0.0016
23 proline 1.4484 1.0207 1.8256 1.0068 0.0381 <0.0001 0.0165

24 N-delta-acetylornithine 0.8445 0.6081 3.8076 0.6667 <0.0001 <0.0001 0.0000

25 putrescine 0.1603 2.3322 0.1454 1.0941 0.0023 <0.0001 0.0092
26 5-oxoproline 1.0353 0.9864 1.3281 1.0322 0.0052 0.0036 0.0419

27 2-hydroxybutyrate/2-hydroxyisobutyrate 0.9883 1.0638 2.0779 1.1732 0.0008 0.0320 0.0040

28 glucose 1.2548 0.8923 0.4819 1.0034 0.0003 0.0276 <0.0001

29 lactate 1.2071 1.1515 0.7062 1.0778 0.0005 0.0132 0.0040

30 ribitol 0.9097 0.4767 1.0918 0.9564 0.0002 0.0004 0.0210
31 maltotetraose 0.9153 0.5984 0.0109 1.1349 0.0010 0.0018 0.0012
32 maltotriose 0.9439 0.6357 0.0597 0.9052 0.0004 0.0028 0.0003
33 maltose 1.4385 0.9168 0.1446 0.9500 <0.0001 0.0003 <0.0001

34 N-acetylglucosamine/N-acetylgalactosamine 1.6037 1.1199 2.9727 1.0553 0.0200 <0.0001 0.0024

35 N6-carboxymethyllysine 0.9251 0.1324 1.2886 0.1324 0.0114 <0.0001 0.0114

36 5-dodecenoate (12:1n7) 1.8617 1.0700 3.0506 0.9741 0.0332 <0.0001 0.0041

37 hexadecanedioate (C16-DC) 1.1552 0.9881 2.3194 1.0739 0.0043 0.0013 0.0322

38 valerylglycine 1.6318 1.0654 4.2588 1.5946 0.0023 0.0012 0.0391
39 palmitoylcholine 0.8010 0.7888 3.6191 1.2326 0.0001 0.0221 0.0348

40 arachidonoylcholine 0.4098 0.3820 3.5247 0.6303 0.0007 0.0175 0.0288

41 1,2-dipalmitoyl-GPC (16:0/16:0) 1.2275 1.0870 1.5420 1.0206 0.0090 <0.0001 0.0000

42 1-oleoyl-2-arachidonoyl-GPI (18:1/20:4)� 1.4205 0.9821 1.8321 1.0031 0.0135 <0.0001 0.0194

43 1-stearoylglycerol (18:0) 0.6034 1.8467 0.5819 1.1951 0.0063 <0.0001 0.0192
44 diacylglycerol (12:0/18:1, 14:0/16:1, 16:0/14:1) [1]� 0.2473 1.9899 0.1775 0.6464 0.0107 <0.0001 0.0363
45 palmitoyl-palmitoyl-glycerol (16:0/16:0) [1]� 0.5136 1.5408 0.5020 1.0977 0.0411 <0.0001 0.0307
46 oleoyl-arachidonoyl-glycerol (18:1/20:4) [1]� 0.1894 1.3737 0.6674 1.0337 0.0018 <0.0001 <0.0001
47 sphinganine 0.5365 1.2512 1.1221 1.1474 0.0021 <0.0001 0.0002

(Continued)
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Effects of AAV8.Ucn2 gene transfer on live in insulin resistant mice

The effects of AAV8.Ucn2 gene transfer, which include the effects from AAV vector and Ucn2
expression, were determined by comparing metabolites altered by AAV8.Ucn2 vs saline in

HFD-fed mice liver. AAV8.Ucn2 gene transfer altered 239 metabolites in which 124 were upre-

gulated and 115 were downregulated (Fig 1C, Table 2, S1 and S6 Tables).

Different effects of AAV8.Ucn2 vs AAV8.Empt on liver in insulin resistant

mice

Next, we determined metabolites that were differently altered by gene transfer of AAV8.Ucn2
vs AAV8.Empt. Metabolites in multiple pathways were differently changed by AAV8.Ucn2
(Table 2 and S7 Tables). For example, a) within amino acids, AAV8.Ucn2 increased 20, but

AAV8.Empt decreased 45 detected biochemicals (Table 2 and S7-1 Table). b) Within peptide

metabolites, AAV8.Ucn2 increased 13, but AAV8.Empt decreased 4 biochemicals (Table 2

and S7-2 Table). c) Within nucleotide super pathways, AAV8.Ucn2 increased 18 and

decreased 7 metabolites while AAV8.Empt increased 10 but decreased 20 metabolites (Table 2

and S7-3 Table). d) In cofactor/vitamins super pathways, AAV8.Ucn2 increased 14, but

AAV8.Empt increased 6 metabolites (Table 2 and S7-4 Table). e) In fatty acid metabolism sub

pathways, AAV8.Ucn2 increased 11, but AAV8.Empt did not alter any metabolites (S7-5

Table). f) In diacylglycerols sub pathways, AAV8.Ucn2 reduced 17, but AAV8.Empt reduced 5

metabolites (S7-6 Table). g) In phospholipid sub pathways, AAV8.Ucn2 increased 15, but

AAV8.Empt increased 1 metabolite (S7-7 Table). Finally, AAV8.Ucn2 increased folate metab-

olism [5-methyltetrahydrofolate (5MeTHF)] by 1.9-fold, but no effect from AAV8.Empt (S6

Table). We speculate that these different effects of AAV8.Ucn2 play important roles in

increased glucose disposal and insulin sensitivity seen in HFD mice that received AAV8.Ucn2.

Effects of increased plasma Ucn2 on liver in insulin resistant mice

Previous studies showed that AAV8.Ucn2 gene transfer increased blood circulating Ucn2 pep-

tide>15-fold [11]. To determine the effects of plasma Ucn2, metabolites from HFD-fed mice

received AAV8.Ucn2 were compared against that received saline and AAV8.Empt. Metabolite

Table 4. (Continued)

Metabolites Mean p-value

Chow-Saline HFD-Saline Chow-Ucn2 HFD-Ucn2 Treatment Diet Interactions

48 ceramide (d18:2/24:1, d18:1/24:2)� 1.3395 0.9986 1.7283 1.0045 0.0269 <0.0001 0.0350

49 glycosyl-N-palmitoyl-sphingosine (d18:1/16:0) 1.0640 1.0310 1.5994 0.9748 0.0273 0.0015 0.0052

50 glycosyl ceramide (d18:2/24:1, d18:1/24:2)� 1.6794 1.0506 3.0063 1.0466 0.0017 <0.0001 0.0021

51 beta-sitosterol 0.7925 0.3923 1.1884 0.3923 0.0080 <0.0001 0.0080

52 xanthine 1.0628 0.9850 1.2964 1.0200 0.0002 <0.0001 0.0038

53 uric acid ribonucleoside� 0.3748 1.4953 1.6306 2.0843 0.0003 <0.0001 0.0031

54 N1-methyladenosine 1.0651 0.9312 2.0178 1.0551 0.0122 0.0036 0.0487

55 pseudouridine 1.3085 1.0482 2.7075 0.9582 0.0140 <0.0001 0.0017

56 3-ureidopropionate 0.0120 4.2368 0.0115 0.7167 0.0012 <0.0001 0.0008
57 (3’-5’)-uridylyluridine 1.9816 0.3975 1.3716 1.1392 0.0258 <0.0001 0.0001
58 cinnamoylglycine 0.7188 0.2628 1.1825 0.2628 0.0244 <0.0001 0.0244

59 enterolactone 3.9272 0.2281 1.0208 0.2281 0.0111 <0.0001 0.0111

60 methyl glucopyranoside (alpha + beta) 1.9493 0.8953 0.7890 1.1113 0.0002 0.0334 <0.0001

61 3-hydroxypyridine sulfate 1.3336 0.2168 1.8147 0.2168 0.0163 <0.0001 0.0163

https://doi.org/10.1371/journal.pone.0224428.t004
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levels in saline injected CHOW-fed mice were used as control. Eighteen metabolites were

identified using one-way ANOVA. Importantly, plasma Ucn2 restored the levels of these

hepatic metabolites to that seen in CHOW-fed mice (Table 5). Specifically, a) Ucn2 restored 4

amino acids and 2 dipeptides towards normal. For example, HFD downregulated levels of glu-

tamate by 47%, but Ucn2 brought it back to normal levels (CHOW-saline, 1.27±0.09; HFD-

saline, 0.88 ±0.05; HFD-Ucn2, 1.1±0.06. p = .01. Table 5, Fig 4A). b) Ucn2 restored metabo-

lites in fatty acid metabolisms. For example, linoleoylcholine was reduced 3-fold by HFD, but

Ucn2 restored it towards normal (CHOW-saline, 1.52±0.14; HFD-saline 0.46 ±0.05;

HFD-Ucn2, 1.3±0.2, p = .0001. Table 5, Fig 4B). c) HFD increased 3 metabolites in diacylgly-

cerols family, but Ucn2 reduced them towards normal. For example, HFD increased diacylgly-

cerols by 2.3-fold, but Ucn2 reduced it towards normal (CHOW-saline, 0.7±0.08; HFD-saline,

1.6 ±0.3; HFD-Ucn2, 0.9±0.16, p< .0001. Table 5, Fig 4C). d) In nucleotide metabolisms,

Ucn2 expression normalized five metabolites that were reduced by HFD (Table 5). e) HFD

decreased the level of nicotinamide adenine dinucleotide NAD+, a common phenomenon in

HFD fed rodents [24], but Ucn2 increased it towards normal (CHOW-saline, 1.4±0.05; HFD-

saline 0.73 ±0.05; HFD-Ucn2, 1.02, Table 5 and Fig 4D).

Discussion

AAV8.Ucn2 gene transfer was associated with increased insulin sensitivity, reduced hypergly-

cemia and fatty liver in mice that developed insulin resistance [15]. However, the liver meta-

bolic changes in mice that received AAV8.Ucn2 is unknown. We performed untargeted

metabolomic study to determine the effects of AAV8.Ucn2 in normal chow-fed and HFD-fed

mice and identified 61 metabolites that had significant interaction between diet and AAV8.

Table 5. Metabolites restored by Ucn2 expression in HFD-fed mice. Identified metabolites are presented using scaled imput data (�SID) where each biochemical in

original scale is rescaled to set the median to 1. Metabolites in saline-injected Chow-fed mice were used as controls. Green indicates downregulation and red for upregula-

tion when compared with that in Chow-fed saline controls. The colors in HFD-fed Ucn2 column indicate restored metabolites when compared with that in HFD saline

group. Data from mean ± SEM. Group size: Chow-fed, n = 6; HFD-fed, n = 8 in each group. P values are from 1-way ANOVA analysis of 3 HFD-fed groups.

Sub Pathway Metabolites Raw data (�SID) p value
CHOW—fed HFD—fed

Saline (6) Saline (8) Empt (8) Ucn2 (8) 1-w ANOVA
1 Glutamate Metabolism gamma-carboxyglutamate 1.27±0.09 0.88±0.05 0.91±0.04 1.10±0.06 0.0100
2 glutamate, gamma-methyl ester 1.52±0.17 0.81±0.08 0.81±0.11 1.21±0.11 0.0118
3 Histidine Metabolism 1-methylhistidine 1.48±0.15 0.98±0.11 0.88±0.07 1.34±0.16 0.0280
4 Tryptophan Metabolism C-glycosyltryptophan 1.50±0.11 0.90±0.06 0.97±0.03 1.24±0.12 0.0176
5 Dipeptide glycylisoleucine 1.97±0.17 1.08±0.14 0.88±0.11 1.69±0.27 0.0137
6 isoleucylglycine 1.58±0.18 0.86±0.11 0.95±0.14 1.54±0.23 0.0214
7 Fatty Acid, Dicarboxylate 3-methylglutarate/2-methylglutarate 1.42±0.12 0.86±0.13 0.77±0.09 1.35±0.10 0.0019
8 Fatty Acid Metabolism (Acyl Choline) linoleoylcholine 1.52±0.14 0.46±0.05 0.57±0.05 1.29±0.19 0.0001
9 Fatty Acid, Dihydroxy 12,13-DiHOME 1.48±0.16 0.91±0.07 0.75±0.05 1.25±0.14 0.0042

10 Diacylglycerol diacylglycerol 0.69±0.08 1.58±0.27 1.39±0.22 0.91±0.16 <0,0001
11 palmitoleoyl-palmitoleoyl-glycerol 0.86±0.08 1.59±0.10 1.33±0.09 0.91±0.06 <0,0001
12 palmitoleoyl-oleoyl-glycerol 0.81±0.08 1.42±0.07 1.23±0.09 0.91±0.06 0.0013
13 Purine Metabolism, (Hypo)Xanthine/Inosine xanthine 1.06±0.08 0.99±0.07 0.94±0.10 1.02±0.08 0.0395
14 xanthosine 1.43±0.02 0.99±0.02 0.60±0.01 1.16±0.03 0.0142
15 Purine Metabolism, Adenine containing N6-carbamoylthreonyladenosine 1.49±0.19 0.87±0.10 0.75±0.06 1.15±0.19 0.0310
16 Pyrimidine Metabolism, Uracil containing uridine-2’,3’-cyclic monophosphate 1.66±0.10 0.89±0.08 0.70±0.05 1.38±0.15 0.0188
17 2’-O-methyluridine 0.99±0.21 0.62±0.14 0.75±0.11 1.01±0.22 0.0066
18 Nicotinate and Nicotinamide Metabolism nicotinamide adenine dinucleotide (NAD+) 1.40±0.05 0.72±0.05 0.77±0.05 1.02±0.12 <0,0001

https://doi.org/10.1371/journal.pone.0224428.t005
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Ucn2 treatment (Table 4 and S4 Table). We also determined the effects from increased Ucn2
expression (blood circulating Ucn2) on liver metabolisms in mice rendered insulin resistant

by HFD and identified 18 metabolites that are altered by HFD, but restored by plasma Ucn2 to

the levels seen in CHOW-fed mice livers (Fig 4 and Table 5).

Regulation of glucose homeostasis

AAV8.Ucn2 gene transfer in CHOW-fed mice was associated with increased glycolysis, pen-

tose metabolisms and glycogenolysis (Fig 2; Tables 2 and 3), which are the underlying mecha-

nisms for reduced blood glucose. AAV8.Ucn2 gene transfer reduced blood glucose level by

24%, but it did not induce hypoglycemia [15], which suggests that AAV8.Ucn2 was able to reg-

ulate glucose homeostasis. Indeed, AAV8.Ucn2 gene transfer resulted in increased levels of

ketone body (3-hydroxybutyrate) and UDP-glucose/UDP-galactose (Fig 2). Increasing ketone

body and decreasing mono- and oligo-saccharides imply increased gluconeogenesis in

Fig 4. Examples of metabolites restored by Ucn2 expression in mice fed with HFD. A. Glutamate was reduced by HFD and restored close to normal by Ucn2. B.

Choline was reduced by HFD and increased close to normal by Ucn2. C. Diacylglycerol was increased by HFD but reduced by Ucn2. D. Nicotinamide adenine

dinucleotide (NAD+) was reduced by HFD but increased by Ucn2 expression. SID: ScaledImpData, where each biochemical in original scale is rescaled to set the

median equal to 1. Sal, saline; Empt, AAV8.Empt; Ucn2, AAV8.Ucn2. Data are mean+SEM; p values on left side in the graph were from Student’s t-test and on the right

were from one-way ANOVA. Group size: CHOW-saline, n = 6; HFD, n = 8 per group.

https://doi.org/10.1371/journal.pone.0224428.g004
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hepatocytes due to low blood glucose level [19]. Therefore, it is plausible that gluconeogenesis

in hepatocytes are increased to prevent hypoglycemia in normal mice that received AAV8.

Ucn2. The UDP-glucose/UDP-galactose serves as building blocks for glycogen synthesis.

Therefore, the observed alterations suggest increased glycogen synthesis when blood glucose

level is high or stalled glycogen synthesis when glucose become low. Unexpected, reduced glu-

cose and polysaccharides or increased ketone bodies and UDP-glucose/UDP-galactose, were

not detected in HFD-fed mice that received AAV8.Ucn2 (S1 and S3 Tables) despite the fact

that AAV8.Ucn2 increased glucose disposal as seen in HFD-fed mice [15].

Amino acid and peptide metabolisms

HFD reduced 80 metabolites within amino acids and peptide metabolism (Table 2 and S3

Table), which could be associated with increased protein synthesis. In contrast, AAV8.Ucn2
gene transfer increased these metabolites in CHOW-fed (Table 2 and S2 Table) and HFD-fed

mice (Table 2, S6, S7-1 and S7-2 Tables), which could be associated with reduced protein syn-

thesis seen in CHOW-fed mice livers (Fig 3). Reduced protein synthesis correlated well with

reduced body weight and increased insulin sensitivity in HFD-fed mice received AAV8.Ucn2
gene transfer [15]. The molecular mechanism of reduced protein synthesis by AAV8.Ucn2 is

not fully understood. Since mTORC1 (mechanistic target of rapamycin complex 1) signaling

negatively regulates protein synthesis via activation of 5’ adenosine monophosphate-activated

protein kinase (AMPK) and Ucn2 activates AMPK [15, 25, 26], it is likely that UCn2 reduces

protein synthesis through activation of AMPK/mTORC signaling pathways.

Plasma Ucn2 selectively restored 4 amino acids (gamma-carboxyglutamate, glutamate,

gamma-methyl ester, 1-methylhistidine, C-glycosyltryptophan) and 2 dipeptides (glycylisoleu-

cine and isoleucylglycine) to normal levels seen CHOW-fed mice (Table 5), which implies

that these molecules play crucial roles in regulating glucose metabolisms. For example, gluta-

mate metabolism plays essential role in promoting and maintaining function of various organs

and cells. It serves as an important fuel for cells in the tricarboxylic acid (TCA) cycle [27]. Glu-

tamate, besides providing fuel for cells, also stimulates insulin secretion [28]. Our results sug-

gest that Ucn2 may be able to redirect amino acids from protein synthesis to energy

production or insulin release.

Lipid metabolisms

HFD increased levels of diacylglycerols, which are associated with increased insulin resistance

[21]. AAV8.Ucn2 gene transfer and plasma Ucn2 reduced diacylglycerols, which may contrib-

ute to increased insulin sensitivity and reduced fatty liver in HFD mice as reported in a previ-

ous study [15].

Plasma Ucn2 increased choline-folate (cofactor) metabolite, (i.e. betaine aldehyde and

5-methyltetrahydrofolate, Table 5, S2 and S6 Tables). Choline is an essential nutrient and

facilitates fatty acid β-oxidation and liver function [29]. Folate mediates one-carbon transfer

reaction that is important for amino acid and nucleotide biosynthesis and methylation reac-

tions [30]. Increases in these pathways suggest that Ucn2 regulates hepatic fatty acid metabo-

lism by facilitating choline uptake and amino acid and nucleotide production [31].

AAV8.Ucn2 gene transfer also altered phospholipid metabolites in HFD-fed mice (S7-7

Table). Phospholipids are the main components of cell membrane and a second messenger for

cellular signaling [22, 23]. They play important roles in fat absorption, lipoproteins transporta-

tion, and transduction of biological signals across membrane in association with the calcium

flux [32]. They are also critical molecules in modulating ER stress, lipolysis, FA oxidation,

energy expenditure, and the pathogenesis of obesity [33]. Therefore, an increase in
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phospholipids associated with Ucn2 gene transfer may have beneficial effects on liver. Taken

together, reduce diacylglycerols and increased acyl carnitines, choline, and phospholipids are

potentially important mechanisms for increased insulin sensitivity and reduced fatty liver in

mice that received Ucn2 gene transfer [15].

Cofactors/Vitamins metabolisms

HFD-fed mice showed decreased hepatic nicotinamide adenine dinucleotide (NAD+) as previ-

ously reported [24]. It was noteworthy that plasma Ucn2 restored hepatic NAD+ to levels simi-

lar to those found in CHOW-fed mice (Fig 4 and Table 5). Metabolites in nicotinate and

nicotinamide metabolism are essential for organisms as the precursors for the generation of

coenzymes, NAD+ and NADP+, which are required for redox reactions and electron transport

[34]. These coenzymes are crucial for many metabolic pathways including glycolysis, TCA

cycle, pentose phosphate pathway, fatty acid biosynthesis and metabolisms. NAD+ serves as a

substrate for sirtuins to regulate activity of signaling proteins by deacetylation [35]. Increased

NAD+ levels are linked with improved mitochondrial function, liver regeneration and poten-

tial treatment of nonalcoholic fatty liver disease [36]. Therefore, restoration of NAD+ towards

normal by Ucn2 may protect animal against dietary-related metabolic complications.

Limitations

In our untargeted metabolomic assay, we used an extraction method targeted towards broad

coverage rather than tailored towards a specific metabolism class. As a result, compounds that

are in low abundance (or that are not extracted efficiently with the methanol-based method)

will not be represented in the dataset. This is not necessarily a limitation, as changes in related

biochemicals (precursors, products and co-factors) that are measured can imply changes are

present in missing compounds. However, global analysis we are, of necessity, looking at a sin-

gle point in time. More detailed flux studies can be used to confirm biochemical pathway

changes, but are often not necessary when protein/transcript data can reveal changes observed.

The time difference after gene delivery between CHOW and HFD groups introduced a poten-

tial confounding variable. However, our key findings were generated from AAV8.Ucn2 against

AAV8.Empt and saline that were all conducted in the HFD group (Fig 4 and Table 4). Finally,

we studied only liver. We elected to do this to curtail the otherwise large data sets and the chal-

lenge of complex analysis. Metabolomic studies on skeletal muscle, pancreas, and plasma will

be performed and analyzed in subsequent studies.

Conclusions

Ucn2 gene transfer altered metabolites in liver that are associated with glucose metabolism and

insulin resistance in HFD mice—restoring key metabolites to normal levels. These findings

provide potential mechanisms by which Ucn2 gene transfer increases total body glucose dis-

posal in HFD-associated insulin resistance.
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