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Summary

While age-related insulin resistance and hyperinsulinemia are

usually considered to be secondary to changes in muscle, the liver

also plays a key role in whole-body insulin handling and its role

in age-related changes in insulin homeostasis is largely unknown.

Here, we show that patent pores called ‘fenestrations’ are

essential for insulin transfer across the liver sinusoidal endothe-

lium and that age-related loss of fenestrations causes an impaired

insulin clearance and hyperinsulinemia, induces hepatic insulin

resistance, impairs hepatic insulin signaling, and deranges glu-

cose homeostasis. To further define the role of fenestrations in

hepatic insulin signaling without any of the long-term adaptive

responses that occur with aging, we induced acute defenestra-

tion using poloxamer 407 (P407), and this replicated many of the

age-related changes in hepatic glucose and insulin handling. Loss

of fenestrations in the liver sinusoidal endothelium is a hallmark

of aging that has previously been shown to cause deficits in

hepatic drug and lipoprotein metabolism and now insulin. Liver

defenestration thus provides a new mechanism that potentially

contributes to age-related insulin resistance.

Key words: ageing; aging; fenestrations; fenestrae;

endothelium; hyperinsulinemia.

Introduction

Insulin resistance, characterized by elevated basal and stimulated levels

of insulin, is inextricably associated with older age (Fink et al., 1983; Oya

et al., 2014). The liver is the key target organ for insulin activity, and

under normal physiological conditions, the entire output of endogenous

insulin from the pancreas travels through the liver vasculature before

entering the systemic circulation (Izzo & Bartlett, 1969). Once it has

entered the liver parenchyma, insulin regulates myriad metabolic

processes such as glycogen storage, gluconeogenesis, and fatty acid

synthesis. The primary role of the liver in the development of insulin

resistance is demonstrated by the fact that insulin resistance occurs in

liver-specific insulin receptor-knockout mice (Fisher & Kahn, 2003), but

not in muscle- or fat-specific insulin receptor-knockout mice (Bruning

et al., 1998; Bluher et al., 2002). Further evidence comes from the

observation that glucose intolerance that occurs during the early stages

of high fat feeding is due to the development of insulin resistance in the

liver before other tissues develop metabolic changes (Turner et al.,

2013). Hyperinsulinemia and insulin resistance are common in conditions

associated with altered liver function, particularly those associated with

structural changes in the liver endothelium such as old age and liver

disease (Fink et al., 1983; Muller et al., 1992; Kotronen et al., 2007;

Kawaguchi et al., 2011; Takamura et al., 2012; Bose & Ray, 2014; Chai

et al., 2014; Taguchi et al., 2014).

The transfer of insulin across the endothelium is the rate-limiting

step for the uptake and action of insulin in the muscle and the fat

(Sandqvist et al., 2011; Majumdar et al., 2012). Despite its important

impact on the disposition of many other substrates, the effect of the

endothelium on insulin activity in the liver has largely been overlooked

(Fraser et al., 1995; Cogger et al., 2006; Cogger & Le Couteur, 2009).

The main endothelial cells in the liver are the liver sinusoidal endothelial

cells (LSECs), which are specialized endothelial cells that line the wall of

the hepatic sinusoid. The thin cytoplasmic extensions of LSECs are

perforated with fenestrations, which are nondiaphragmed, transcellular

pores 50–150 nm in diameter. Between 2–20% of the surface of LSECs

is covered by fenestrations clustered into groups called liver sieve plates

(Wisse et al., 1985; Fraser et al., 1995; Cogger & Le Couteur, 2009).

These ultrastructural features facilitate the transfer of plasma, solutes,

and small particulate substrates between the blood and the hepato-

cytes. Under normal conditions, LSECs are a highly efficient ultrafiltra-

tion system; therefore, the influence of fenestrations on liver function is

mostly seen in diseases and old age where their diameter and/or

frequency are diminished (Cogger et al., 2006; Cogger & Le Couteur,

2009; Fraser et al., 2012). We propose that fenestrations also provide a

portal for the hepatic uptake, and a subsequent clearance and activity

of insulin, and that the loss of fenestrations, such as that occurs with

old age, provides a novel mechanism for hepatic insulin resistance.

Such a discovery would have a considerable clinical significance

because it provides a new mechanism for insulin resistance seen in

old age and many liver diseases where there is a reduction in

fenestrations (Le Couteur et al., 2001; Cogger et al., 2006; Furrer

et al., 2011).

Correspondence

Associate Professor Victoria Carroll Cogger, ANZAC Research Institute, Concord

Hospital, Gate 3, Hospital Rd, Sydney, NSW 2139, Australia. Tel.: +61 2 9767

9100; fax: +61 2 9767 9101; e-mail: victoria.cogger@sydney.edu.au

Accepted for publication 18 March 2016

706 ª 2016 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

Aging Cell (2016) 15, pp706–715 Doi: 10.1111/acel.12481
Ag

in
g 

Ce
ll

http://creativecommons.org/licenses/by/4.0/


Here, we have studied the effects of old age, together with the

poloxamer 407 (P407) model of defenestration to examine the effects of

loss of fenestrations on the disposition and activity of insulin in the liver

and systemically. P407 is a nonionic surfactant that causes a marked

defenestration of the LSECs within 24 h of administration without the

development of fibrosis (Cogger et al., 2006; Warren et al., 2011).

Defenestration seen in old age and induced in the acute setting by P407

has been shown to impair the transendothelial transfer and hepatic

clearance of several substrates including lipoproteins, acetaminophen,

and diazepam (Cogger et al., 2006; Mitchell et al., 2011, 2012). This

study investigated the role of LSEC fenestrations in the hepatic

disposition and action of insulin. Our results show that defenestration

associated with old age and P407 interferes with the insulin transfer and

uptake in the liver and impairs hepatic insulin signaling with systemic

implications for glucose tolerance and insulin resistance. We show that

defenestration is a mechanism for hepatic insulin resistance and

hyperinsulinemia and specifically for the association between old age

and insulin resistance.

Results

Old age is associated with an impaired hepatic and systemic

disposition of insulin

Hematoxylin and eosin staining of liver sections from the old and young

male F344 rats confirmed that the animals were free of disease

(Supplementary information). Scanning electron microscopy was per-

formed to confirm age-related defenestration of the LSEC that we and

others have described previously in many species including rats, mice,

and humans (Le Couteur et al., 2001, 2008). LSEC porosity was

quantitated and showed a significant reduction in old F344 rats of

about 50% compared to young rats (Fig. 1a–b).

To determine whether age-related defenestration of the LSECs impairs

the transendothelial transfer of insulin, we performed multiple indicator

dilution (MID) studies in 3-month-old, 12- to 15-month-old, and 24- to

27-month-old rats using radiolabelled insulin and sucrose (Fig. 1c–d and

Supplementary Information). Sucrose was used as the control tracer
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Fig. 1 (a) Decreased porosity of the LSEC with age from scanning electron micrographs (n = 5 young and 5 old F344 rats P = 0.006). (b) Sample scanning electron

micrographs of the LSEC to clearly illustrate the difference between young and defenestrated old rats, original micrographs taken at 15 0009 magnification (fenestrations

are indicated by an *). (c) There is a 20% reduction in the fractional volume of distribution of insulin with age (n = 9 young and 10 old F344 rats, P = 0.01) (d) MID outflow

curves for insulin and the extracellular marker sucrose. Insulin exits the liver prior to sucrose in the old animals, indicating a restricted access to the entire extracellular space

with age-related defenestration. (e) 14C-insulin uptake by the liver was found to be significantly reduced with age, but was found to be unchanged in the muscle and the fat

(n = 10 young and 10 old mice, P < 0.05). (f) Fasting and fed insulin levels were found to be significantly elevated with age in C57Bl6 mice (n = 6 young and 5 old mice,

P < 0.05). (g) C-peptide levels were found to be significantly elevated with age in the fed state (n = 4 young and 5 old mice, P = 0.02) and (h) Glucagon levels were found to

be suppressed in the fasting state in old mice (n = 6 young and 6 old mice, P = 0.02).
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because it is a marker of the extracellular space and its transfer across the

LSEC is unimpeded. Outflow insulin curves from the MID experiments are

shown in Fig. 1d and Supplementary Information. In young rats, the

volume of distribution of insulin was the same as that of the vascular and

extracellular marker, sucrose, which indicates that insulin had access to

the entire vascular and extracellular space. In old rats, the ratio of the

volume of distribution to that of sucrose was about 80% and significantly

less than in the young rats. This is consistent with the restriction of insulin

to the vascular space (which is itself about three quarters of the

extracellular space) in old age (Xu et al., 1990). In middle age, the ratio

was intermediate between the young and old rats, consistent with the

partial loss of fenestrations at this age (Le Couteur et al., 2001).

To determine whether the impaired transendothelial transfer of

insulin impacted on the hepatic uptake of insulin, we measured the

tissue uptake following an intravenous injection of 14C-insulin. Insulin

uptake by the liver was found to be reduced by about 30% in old

C57Bl6 mice, but unchanged in the fat and the muscle (Fig. 1e). As a

consequence of reduced hepatic uptake of insulin, the basal insulin

concentrations were found to be significantly increased in the old mice

both in the fasted and in the fed states when compared to their younger

counterparts (Fig. 1f).

C-peptide levels were found to be unchanged in the old mice during

the fasted state (Fig. 1g), indicating that hyperinsulinemia is established

through a reduced clearance of insulin by the liver rather than through an

increased pancreatic insulin secretion. In the fed state, C-peptide levels

increased significantly with age, suggesting that an increased insulin

secretion is required to maintain glucose tolerance with age. Glucagon

levels were significantly lower in the old compared to the young mice

when fasting (Fig. 1h).

The effect of aging on systemic glucose tolerance and insulin

resistance

Although the old mice were hyperinsulinemic, the glucose tolerance test

was not impaired, in fact tended to be lower (Fig. 2a). However, because

of the very high insulin levels, the homeostatic model assessment index

for insulin resistance (HOMA-IR), which is calculated from the product of

the fasting glucose and insulin levels, was found to be increased by more

than twofold in the old mice, indicating the insulin resistance (Fig. 2b).

To determine which tissues were contributing to the insulin resistance,
14C-glucose and 3H-2-deoxyglucose were administered to the mice

during glucose tolerance tests and the uptake was measured in the

muscle, the white adipose tissue (WAT), and the liver. The uptake of
14C-glucosewas found to be significantly reduced in the liver, but this was

associated with an increase in muscle uptake (Fig. 2c). In addition, there

was a significant increase in 3H-2-deoxyglucose uptake, which is not a

substrate for liver uptake andmetabolism, in bothmuscle and fat with age

(Fig. 2d). The data indicate that the reduction in hepatic glucose uptake

and hyperinsulinemia are associated with a compensatory age-related

increase in glucose uptake in the muscle and the fat (as well as depleted

glycogen stores), thereby normalizing the glucose tolerance test.

The effect of aging on hepatic insulin activity

Consistent with the selective impact of age-related defenestration on

hepatic insulin sensitivity, hepatic glycogen storage measured by PAS

staining showed a marked reduction in glycogen in the old mice (Fig. 3a).

Phosphorylation of the hepatocellular insulin receptor Akt was found to

be reduced in the old mice (Fig. 3b–c). To further probe this, we utilized a

large-scale, unbiased phosphoproteomic approach and liquid chro-

matography coupled to tandem mass spectrometry (LC-MS/MS) to

identify the changes in protein and phosphopeptide abundance, which

enabled a signal pathway mapping in the liver tissues from the young and

old mice. LC-MS/MS of phosphopeptide-enriched samples identified

7208 sites of phosphorylation (n = 5156 phosphopeptides from

n = 2400 proteins), of which 1580 were found to be statistically

significantly altered in abundance (z-score <�1.00 or >+1.00; Supple-

mentary data). Nonphosphorylated peptides from the same samples were

also identified and revealed only 281 proteins (z-score <�1.96 or >+1.96;

Supplementary data) that were found to be significantly altered in
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Fig. 2 (a) Glucose tolerance was

maintained despite hyperinsulinemia with

old age in mice (n = 8 young and 5 old

C57Bl6 mice). (b) The HOMA index was

found to be significantly increased with

age, reflecting the high insulin levels (n = 6

young and 5 old mice, P = 0.03). (c) There

was a significant reduction in hepatic

uptake of 14C-glucose and a trend toward

increased uptake by the muscle and the fat

with age (n = 8 young and 5 old mice,

P < 0.05). (d) 3H-2-deoxyglucose

incorporation into the fat and the muscle

was found to be significantly increased with

age (n = 8 young and 5 old mice,

P < 0.05).
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abundance, confirming that the major changes at the biochemical level

between the young and old mouse livers were those associated with

signaling. We next specifically examined the set of altered phosphopep-

tides and used functional cluster analysis to identify Kyoto Encyclopaedia

of Genes and Genomes (KEGG) pathways associated with aging in the

liver. Functional clusters contained within this dataset were compared

against the mouse genome to determine their overrepresentation

compared to background. The most overrepresented KEGG pathways

were ErbB (p-value 9.77 e�9), neurotrophin (4.10 e�7), GnRH (4.27 e�7),

MAPK (7.96 e�7), and insulin (1.05 e�6) signaling. The diversity of these

pathways reflects the likely multifactorial nature of aging; however, the

changes associated with insulin signaling are consistent with the reduced

access of insulin to hepatocytes in old age. We next performed a site-

specific analysis of the phosphopeptides that were found to be

statistically significantly altered in aged livers by performing kinase

recognition motif analysis using MotifX. These data showed that the Akt

recognition motifs R-X-R-X-X-pS and R-S-X-pS were found to be enriched

11.5-fold and 10-fold, respectively, compared with background in the

dataset of peptides displaying a reduced phosphorylation with aging

(Fig. 3d), which is consistent with the Akt Western blot data and confirms

a significant reduction in Akt signaling in aged mouse livers. Motifs

containing acidic residues, consistent with casein kinase 2 (CK2)

activation, were also found to be enriched; however, these were found

in both the up- and downregulated phosphopeptide datasets.

To identify the gene expression that might be altered by aging, a

qRT–PCR screening array for 84 key genes in the insulin signaling

pathway was conducted (Supplementary information). Gene expression

profiles showed no changes in insulin signaling pathway genes, which

was consistent with the proteomic data and again confirmed that

changes in phosphorylation-mediated signaling, rather than expression,

were associated with aging. Fatty acid synthase, a protein responsible for

fatty acid synthesis, was the only gene in this panel shown to be

downregulated with age in the liver.

We also performed a pyruvate tolerance test in mice (Fig. 3e) to

examine the impact of age on the insulin-mediated inhibition of

gluconeogenesis. Old age was associated with a lower conversion of

pyruvate to glucose. This is consistent with the observation that in

rodents some of the effects of insulin on hepatic gluconeogenesis are

mediated via the brain, rather than a direct effect on hepatocytes (Rojas

& Schwartz, 2014). In this situation, age-related hyperinsulinemia will

drive brain-mediated inhibition of gluconeogenesis even though its

direct hepatic activity is reduced.
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The P407 model of acute defenestration confirms the effects

of LSEC fenestrations on hepatic and systemic disposition of

insulin

Because aging is a multifactorial process where many fundamental

cellular processes are affected, we further investigated the role of the

LSEC in hepatic insulin handling using an acute model of defenestration

generated by P407. Hematoxylin and eosin staining of the liver sections

from the control and P407 rats confirmed that they were free of diseases

(Supplementary information). P407-induced defenestration was con-

firmed with scanning electron microscopy, and the significant reduction

in LSEC porosity of about 30% was similar to that seen with aging

(Fig. 4a–b). We also confirmed that P407 was associated with the

increased blood levels of cholesterol and triglycerides (Supplementary

information), which is a well-recognized effect of this agent (Johnston,

2004; Cogger et al., 2006).

P407-induced defenestration was associated with a significant

reduction in the hepatic volume of distribution of insulin as a fraction

of the extracellular sucrose volume of about 20% (Fig. 4c–d). To

determine whether this reduction in the transendothelial transfer of

insulin impacted on the hepatic uptake of insulin, we measured the

tissue uptake following an intravenous injection of 14C-insulin. Insulin

uptake by the liver was found to be reduced by 20% in P407-treated

animals (Fig. 4e), but was found to be unchanged in the fat and the

muscle. As a consequence, insulin levels were significantly higher in P407

rats as compared to control in both fed and fasted states (Fig. 4f).

C-peptide levels were significantly lower in the treatment group

during fed state (Fig. 4g), showing an acute suppression of pancreatic

insulin secretion in response to the reduced clearance of insulin by the

liver. Glucagon levels in the fasting and fed states were found to be

significantly reduced in the P407 animals as seen with old mice

(Fig. 4h).
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Fig. 4 (a) Acute defenestration of the LSEC was induced by P407 within 24 h of injection as measured from scanning electron micrographs (n = 10 control and 11

P407-treated rats, P < 0.05). (b) Sample scanning electron micrographs of the LSEC to illustrate more pronounced examples of defenestration in control and P407-treated

rats (original micrographs 15 0009 magnification, fenestrations are indicated by an *). (c) There was a 20% reduction in the fractional volume of distribution of insulin

with P407-induced defenestration (n = 12 control and 8 P407-treated rats, P = 0.01). (d) MID outflow curves for insulin and the extracellular marker, sucrose. As seen with

the age-related defenestration, insulin exits the liver prior to sucrose in the P407-treated rats, indicating a restricted access to the entire extracellular space. (e)
14C-insulin uptake by the liver was found to be significantly reduced with defenestration, but was found to be unchanged in the muscle and the fat (n = 6 control and 6

P407-treated rats P = 0.04). (f) Fasting and fed insulin levels were found to be significantly elevated following the P407-induced defenestration (n = 6 control and 6

P407-treated rats, fasting P < 0.05, fed P = 0.005). (g) C-peptide levels were found to be significantly decreased with P407-induced defenestration in the fed state (n = 5
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The effect of P407 on systemic glucose tolerance and insulin

resistance

The glucose tolerance test was found to be not significantly influenced

by P407 (Fig. 5a). However, because of the elevated insulin levels, the

HOMA-IR was found to be increased by more than twofold in the P407

rats (Fig. 5b). In addition, the uptake of 14C-glucose was found to be

reduced in the liver, but not the muscle and the fat (Fig. 5c). There was

no significant change in the uptake of 3H-2-deoxyglucose into the

muscle and the fat following P407 treatment (Fig. 5d), although the

reduction in the muscle uptake was pronounced (P = 0.06). These data

suggest that the liver is the primary target for the effects of P407 on

glucose handling.

The effect of P407 on hepatic insulin activity

Hepatic glycogen storage measured by PAS staining was found to be

markedly reduced following P407 treatment, which is consistent with a

diminished insulin action (Fig. 6a). Western blot analysis revealed that

phosphorylation of IRS-1, the phosphorylation target of the activated

insulin receptor, was found to be significantly reduced by over 50% in

P407 rats as compared to controls (Fig. 6b–c). Next, we again performed

large-scale phosphoproteomics to determine the effects of P407 on

hepatic cell signaling pathways to further delineate the effect of

fenestration loss in the absence of the multifactorial processes involved

in aging. LC-MS/MS identified 1,480 sites of phosphorylation that were

found to be statistically significantly altered in abundance (z-score

<�1.00 or > +1.00; Supplementary information). Analysis of nonphos-

phorylated peptides revealed only 189 proteins that were found to be

significantly altered in abundance, and these contained no discernible

functional or spatial pattern. Proteins containing significantly altered

phosphopeptides were subjected to functional cluster analysis and

compared against the mouse genome as background. The most

overrepresented KEGG functional pathway was the insulin signaling

pathway (p-value 9.24 e�10). Site-specific analysis using MotifX again

showed a 11-fold overrepresentation of the Akt recognition sequence

(R-X-R-X-X-pS) in the set of phosphopeptides significantly reduced by

P407 treatment (Fig. 6d), which is consistent with the data observed for

aged liver tissue.

We performed a qRT–PCR screening array for key genes in the rat

insulin signaling pathways (Supplementary information). Gene expres-

sion profiles showed that IRS-2 was found to be upregulated (1.76-fold;

P = 0.02) and thyroglobulin, which has a role as secondary effector

target genes for insulin signaling, was found to be downregulated (1.88-

fold; P = 0.01, Supplementary information). There were also upregula-

tion of leptin-coding gene Cebpa that is a primary target gene for insulin

signaling (6.08-fold) and downregulation of G6pc gene involved in

glucose and glycogen metabolism (3.53-fold), but this was not signif-

icant.

We measured the pyruvate tolerance test (Fig. 6e) to examine the

impact of P407 on insulin-mediated inhibition of gluconeogenesis. As we

found with old age, P407 was associated with a lower conversion of

pyruvate to glucose, presumably an effect of hyperinsulinemia on brain-

mediated inhibition of gluconeogenesis.

Discussion

We have demonstrated that defenestration of the LSEC during aging

and after the treatment with P407 restricts the insulin access to the

insulin receptor on the hepatocyte membrane through an impaired

transendothelial transfer. This results in hyperinsulinemia, impaired

hepatic insulin signaling, depleted glycogen stores, compensatory

increases in the muscle and fat uptake of insulin and glucose, and

dysregulated gluconeogenesis. In the fat and the muscle, the blood

vessels are the rate-limiting step for the uptake of insulin (Sandqvist

et al., 2011; Majumdar et al., 2012). Our data show that under

physiological conditions, the liver endothelium does not provide a

barrier for the uptake of insulin, which attests to its remarkable role in
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Fig. 5 (a) Glucose tolerance was found to

be unchanged by P407-induced

defenestration (n = 10 control and 8 P407-

treated rats). (b) The HOMA index was

found to be significantly increased by P407-

induced defenestration (n = 6 control and

6 P407-treated rats, P = 0.002). (c) There

was a significant reduction in hepatic

uptake of 14C-glucose with P407, but no

change in muscle and fat uptake (n = 10

control and 8 P407-treated rats, P < 0.05).

(d) 3H-2-deoxyglucose incorporation into

the fat and the muscle was found to be

unchanged following P407 treatment,

although there was a trend toward the

reduced muscle uptake (n = 10 control and

8 P407-treated rats, P = 0.06).
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facilitating the transfer of substrates between the blood and the liver

cells (Le Couteur et al., 2005). However, in conditions associated with

the structural changes in the LSEC, the liver blood vessels become a

barrier for the transfer of insulin. This is a significant development in our

understanding of insulin resistance seen with age and liver disease.

As we have previously reported, aging and P407 treatment were

associated with a significant defenestration of the LSEC (Cogger et al.,

2006; Mitchell et al., 2011; Warren et al., 2011). Using multiple

indicator dilution methodology in rats, we determined the disposition

of insulin in perfused livers and showed that aging and P407-induced

defenestration were associated with a restricted access of insulin to the

extravascular space. We have previously shown that defenestration

associated with old age and P407 is mechanistically linked to the

reduced transendothelial transfer of other substrates including lipopro-

teins (Hilmer et al., 2005; Cogger et al., 2006) and both albumin-bound

and dissolved medications (Le Couteur et al., 2005; Mitchell et al.,

2011). Fenestration loss is also known to occur in streptozotocin-induced

diabetic baboons and rats (Jamieson et al., 2007; McMahon et al.,

2013), which might further contribute to diabetes in these models.

Accompanying an impaired transendothelial access of insulin to the

hepatocytes, there were significant systemic changes including reduced

hepatic insulin uptake and clearance, increased insulin levels and insulin

resistance. This was associated with insulin resistance as assessed by the

HOMA, but the glucose tolerance test was normal in the aged animals.

We propose that this is secondary to long-term age-related compen-

satory effects on glucose uptake in the muscle and the fat, and the

reduction in hepatic glycogen storage.

Despite elevated circulating insulin levels, aging and P407 treatment

were associated with the impairment of hepatic insulin signaling as

measured by a full hepatic phosphoproteome screen using LC-MS/MS

and glycogen stores. Insulin signaling was found to be affected by both

aging and P407. Western blot showed a reduced hepatic IRS-1

phosphorylation in insulin-stimulated livers from P407-treated animals.

This was associated with a compensatory increase in the expression of

IRS-2. A similar finding was observed in the insulin-stimulated liver from

LIRKO mice, where there was a fivefold increase in IRS-2 expression in

the liver due to the loss of insulin signaling (Michael et al., 2000).

Additionally, large-scale data confirmed the reduced insulin signaling in
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both aged and P407-treated livers on SHC-1, a second phosphorylation

target of the insulin receptor.

In summary, patent fenestrations are required for hepatic insulin

uptake, clearance, and signaling. We acknowledge that a limitation of

this study is the use of two species, mice and rats, which have

quantitatively different glucose metabolism. Even so, the data suggest

that defenestration of the LSEC with old age provides a new mechanism

that might contribute to insulin resistance along with other mechanisms

such as age-related changes in insulin sensitivity in muscle. Maintaining

the structural integrity of the LSEC is a potential therapeutic target for

insulin resistance in old age.

Experimental procedures

Animals

For the aging studies, male Fischer 344 rats and male C57/Bl6 mice aged

3 months, 12-15 months, and 24–27 months were obtained from the

National Institutes of Aging (Baltimore, MD). The animals were allowed

free access to water and standard chow. Rats were used for the multiple

indicator dilution studies because these studies are only technically

feasible in larger livers. Mice were used for the remaining in vivo studies

because of the limited availability of old rats.

For the P407 studies, male Fischer 344 rats weighing 200 g were

obtained from Animal Research Centre (Perth, Australia). The animals

were allowed free access to water and standard chow. The treatment

group received an intraperitoneal injection (i.p.) of P407 (1 g/kg; BASF

Ltd, Southbank, Vic., Australia). Control animals included those that

received a volume-matched i.p. injection of normal saline or were

untreated. There were no differences between control animals given

saline or no treatment; therefore, their data were pooled.

All animals were treated in accordance with Animal Care guidelines.

This study was approved by the Sydney Local Health District Animal

Welfare Committee (AWC Protocol #2012/005A) and the National

Institute on Aging Animal Care and Use Committee (Protocol number:

429-TGB-2017).

Liver perfusion

Liver perfusions and MID experiments were performed in 3-month-old,

24-month-old, young controls, and young P407 rats as described

previously (Cogger et al., 2006; Mitchell et al., 2011, 2012). For MID

experiments, 3H-sucrose and 14C-insulin were used to spike the injectate.

Analysis for 14C- and 3H-specific activity from outflow samples was

performed in a Packard 1600TR liquid scintillation counter, and data

were used to generate dose-normalized outflow curves. The area under

the curve (AUC), area under the moment of the curve (AUMC), mean

transit time (MTT), and the recovery of each indicator were determined.

Blood lipid analysis

Prior to cannulation, the blood samples were taken from the inferior

vena cava for lipid analysis. Total cholesterol and triglyceride levels were

determined using 917 autoanalyzer (Roche Pty Ltd, Basel Switzerland) by

the Concord Hospital NATA-accredited Biochemistry laboratories.

Scanning electron microscopy

At the completion of the multiple indicator dilution experiments, the

livers were perfusion-fixed with 3% glutaraldehyde/2% paraformalde-

hyde in 0.1 M sodium cacodylate buffer as described previously (Cogger

et al., 2006; Mitchell et al., 2012). Fenestrations in the liver endothe-

lium were examined using a Jeol 6380 scanning electron microscope at

15 0009 magnification. Ten random images per sample were taken for

the analysis of fenestrations diameter and porosity using ImageJ

software.

Glucose tolerance, tracer analysis, and pyruvate tolerance

tests

Animals were fasted for 6 h, followed by the administration of glucose

(2 g kg�1 i.v.) spiked with 10 lCi 14C-glucose for the assessment of

insulin action in the liver, the fat, and the muscle and 10 lCi 3H-2-

deoxyglucose for the assessment of glucose uptake in the fat and the

muscle. After 15, 30, 45, 60, and 90 min, glucose levels were measured

with a handheld glucose meter (Accu-Check Performa, Roche, Sydney,

NSW, Australia). At 90 min, the animals were sacrificed and the liver,

the adipose tissue, and the quadriceps muscle were excised, weighed,

and either snap-frozen in liquid nitrogen or placed in 4% phosphate-

buffered paraformaldehyde, dehydrated, and embedded in paraffin for

histology. Blood was collected at 0 and 90 min to determine the insulin,

C-peptide, and glucagon levels (Rat Ultrasensitive Insulin ELISA & Rat C-

peptide ELISA: Alpco Diagnostics Caringbah, NSW, Australia; Glucagon

EIA kit: Sigma Aldrich, Castle Hill, NSW, Australia) and for the calculation

of HOMA index (the product of the fasting glucose and insulin levels) in

the fasted and fed states. Blood samples were deproteinized using BaOH

and ZnSO4 to quantitate plasma radioactivity by liquid scintillation

counting. Incorporation of radiolabelled glucose to glycogen and 3H-2-

deoxyglucose uptake were determined according to the methods as

described previously (Fueger et al., 2003; Cooney et al., 2004). The

uptake of insulin into the liver, the fat, and the muscle was performed in

another group of rats, where 14C-insulin (1 lCi g�1) was injected via the

inferior vena cava of anesthetized animals. Five minutes later, the

animals were exsanguinated by cardiac puncture and the blood, the

liver, the white adipose tissue (WAT), and the quadriceps muscle tissue

were collected for the measurement of 14C-insulin (Sodoyez et al.,

1980; Philippe et al., 1981). For pyruvate tolerance tests, the animals

were fasted for 6 h prior to an i.p injection of pyruvate (2 g kg�1; Sigma

Aldrich, Castle Hill, Australia) and glucose levels were read using a

handheld glucose meter (Accu-Check Performa, Roche, Australia)

through tail bleeds at 0, 15, 30, 60, and 90 min. Total AUC was

calculated using the trapezoidal formula.

Hematoxylin and eosin and periodic acid–schiff staining

Paraffin-embedded liver specimens were cut at 4 lm, mounted on glass

slides, then subjected to hematoxylin and eosin staining for the assessment

for diseases and periodic acid–Schiff (PAS) staining for glycogen (Gahrton,

1964) and examined with light microscopy at 409magnification.

Phosphoproteomic studies

Liver tissue was solubilized in SDS–Tris buffer in the presence of

phosphatase and kinase inhibitors prior to protein precipitation. Follow-

ing tryptic digestion, 250 lg of peptide was labeled with one of four

isobaric tags (iTRAQ, Sciex) prior to phosphoproteomic enrichment

(Jensen et al., 2009; Engholm-Keller et al., 2012). This enrichment

generated 3 peptide populations, singly and multiply phosphorylated

peptides (11 fractions) and nonmodified peptides (16 fractions). Iden-

tification and quantitation of phosphorylated and nonphosphorylated
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peptides was performed on an Orbitrap Velos Pro mass spectrometer in

data-dependent acquisition (DDA) mode. All experiments were per-

formed in duplicate. Data were analyzed using Proteome Discoverer

(version 1.4; Thermo Scoresby, VIC, Australia) and searched using an in-

house MASCOT server against the UniProt Mus musculus database with

the following parameters: 2 missed cleavages, 20 ppm mass error (MS),

and 0.2 Da mass error (MS/MS); iTRAQ searched as a static modification:

carbamidomethyl (Cys), oxidation (Met), acetylation (protein N-term), and

cyclization (Glu and Asp) as dynamic modifications. A false discovery rate

of 0.05 was applied to phosphopeptides, with a stricter 0.01 FDR applied

to the nonmodified cohort. For the analysis of MS data, normalization of

iTRAQ reporter ions was calculated using the sum of all intensities

approach combining both phosphorylated and nonphosphorylated pep-

tide spectralmatches (PSM), prior to ratio calculation using either young or

control as the denominator for old and P407-treated animals, respectively.

Log2 ratios and z-scores were calculated for each PSM, with z-scores

determined using a sliding scale based onMS signal intensity (ameasure of

MS/MS data quality). Median z-scores were calculated with weighted

average used to compare medians across experiments for each phospho-

site (phosphoproteome enriched), peptide and protein

(nonphosphorylated only). To be deemed significantly altered, median z-

scores were required to be >1.00 or <�1.00 for phosphosites. Median z-

scores for each nonphosphorylated peptidewere calculated preceding the

determination of protein z-scores. For a protein to be deemed significantly

altered,median z-scores >1.96 or <�1.96, equivalent to P values of <0.05,

were required. Bioinformatic analysis was performed to reveal the

pathways associated with aging or P407 treatment using STRING (Jensen

et al., 2009; Szklarczyk et al., 2011; Franceschini et al., 2013) and KEGG

(Kanehisa & Goto, 2000; Kanehisa et al., 2014) pathway analysis. Site-

specific phosphopeptide analyses were conducted using MotifX

(http://motif-x.med.harvard.edu/motif-x.html) to identify fold overrepre-

sentation of kinase recognition sequences, and PhosphoSite Plus to

identify insulin-regulated phosphorylation sites in proteins represented in

the KEGG insulin signaling pathway.

Frozen liver tissue samples were homogenized (Qiagen TissueLyser) in

RIPA buffer containing Tris–HCl, NaCl, Triton X-100, Na-deoxycholate,

SDS, and Roche protease inhibitor tablets (Complete, EDTA-free Protease

Inhibitor Cocktail). Protein concentrations were determined using the

BCA method (Thermo Scientific Pierce BCA Protein Assay Kit). The

protein extracts were subjected to immunoblotting according to the

protocol as described previously (Hoehn et al., 2008). Antibodies against

the following proteins were used: p-IRS-1 (Tyr895), IRS-1, p-AKT

(Ser473), AKT, IRS-2, and a-tubulin (Cell Signaling Technology, Arundel,

Qld, Australia).

Reverse–transcription and quantitative real-time PCR array

analysis

Total RNA was isolated from the frozen liver tissue samples using RNeasy

Plus Mini Kit (Qiagen Pty Ltd, Chadstone, Vic., Australia) according to the

manufacturer’s instructions, with DNase treatment included; 1 lg of

total RNA was reverse-transcribed using RT2 First strand kit. The cDNA

was then added to the RT2 SYBR green qPCR mastermix and loaded onto

96-well RT2 Profiler PCR array plate (PARN-030-ZD; Qiagen Pty Ltd) and

amplified on Bio-Rad CFX Connect Real Time PCR Detection system for

40 cycles. PCR array data were analyzed according to the manufacturer’s

instructions. Relative gene expression was determined using the ΔΔCt

method normalized against five housekeeping genes, and the changes in

gene expression were shown as a fold increase or decrease compared to

control group.

Statistical analyses

All values are expressed as the mean � SEM. Statistical significance was

calculated using two-tailed Student’s t-test using Sigmaplot (Systat

Software, Erkrath, Germany, v11.0).
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