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A B S T R A C T   

Antioxidant signaling/communication is among the most important cellular defense and survival pathways, and 
the importance of redox signaling and homeostasis in aging has been well-documented. Intracellular levels of 
glutathione (GSH), a very important endogenous antioxidant, both govern and are governed by the Nrf2 pathway 
through expression of genes involved in its biosynthesis, including the subunits of the rate-limiting enzyme 
(glutamate cysteine ligase, GCL) in GSH production, GCLC and GCLM. Mice homozygous null for the Gclm gene 
are severely deficient in GSH compared to wild-type controls, expressing approximately 10% of normal GSH 
levels. To compensate for GSH deficiency, Gclm null mice have upregulated redox-regulated genes, and, sur-
prisingly, are less susceptible to certain types of oxidative damage. Furthermore, young Gclm null mice display an 
interesting lean phenotype, resistance to high fat diet-induced diabetes and obesity, improved insulin and 
glucose tolerance, and decreased expression of genes involved in lipogenesis. However, the persistence of this 
phenotype has not been investigated into old age, which is important in light of studies which suggest aging 
attenuates antioxidant signaling, particularly in response to exogenous stimuli. In this work, we addressed 
whether aging compromises the favorable phenotype of increased antioxidant activity and improved glucose 
homeostasis observed in younger Gclm null mice. We present data showing that under basal conditions and in 
response to cadmium exposure (2 mg/kg, dosed once via intraperitoneal injection), the phenotype previously 
described in young (<6 months) Gclm null mice persists into old age (24+ months). We also provide evidence 
that transcriptional activation of the Nrf2, AMPK, and PPARγ pathways underlie the favorable metabolic 
phenotype observed previously in young Gclm null mice.   

1. Introduction 

Type II diabetes mellitus (T2DM) is an increasingly important public 
health problem [1]. T2DM is often attributable to insulin resistance 
resulting from impaired insulin secretion and/or action, and is associ-
ated with many co-morbidities including cerebral vascular disease and 
stroke, peripheral neuropathies, coronary artery disease, retinopathy, 
and nephropathy, among other complications [2–4]. A link between 
redox homeostasis and T2DM is supported by many studies [5–7]. Ac-
tivity of the redox-responsive transcription factor nuclear factor 
erythroid 2-related factor 2 (Nrf2), a master regulator of antioxidant 
response, is decreased in the nuclear fraction of peripheral blood 
mononuclear cells (PBMCs) in patients with T2DM, and studies in mice 
have demonstrated that mild Nrf2 overexpression or Nrf2 activation via 

small molecule stimulators (e.g., sulforaphane) can prevent T2DM onset 
[8,9]. Hyperglycemia, a clinical characteristic of T2DM, is associated 
with reactive oxygen species (ROS) and advanced glycation end-product 
(AGE) production, creating a feedback loop of increasing oxidative 
stress [10–14]. While the referenced studies did not explicitly identify 
which specific ROS are generated in a hyperglycemic state (since the 
fluorescent probes used are not that specific for particular oxidants), the 
results of these studies nonetheless support the conclusion that hyper-
glycemia is associated with ROS generation. Because oxidative stress is 
believed to contribute significantly to TD2M progression, it follows that 
reducing oxidative insult via activation of antioxidant pathways could 
potentially prevent or delay the onset of TD2M. Animal models and 
clinical studies aimed at assessing the role of Nrf2 and its regulator 
Keap1 (Kelch-like erythroid cell-derived protein with CNC homology 
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[ECH]-associated protein 1) and other antioxidant systems in T2DM 
have yielded mixed results, and strongly suggest a delicate balance in 
antioxidant activity and crosstalk with other signaling pathways is 
needed to maintain normal glucose homeostasis. Regardless, redox ho-
meostasis remains an attractive therapeutic target for T2DM. 

Central to cellular redox homeostasis is the thiol-based, redox buff-
ering glutathione (GSH) system. GSH is a tripeptide comprised of the 
amino acids glutamate, cysteine, and glycine, and is synthesized de novo 
using a two-step, ATP-dependent enzymatic process [15]. The first and 
rate-limiting step involves the conjugation of glutamate with cysteine by 
the enzyme glutamate-cysteine ligase (GCL; also known as γ-gluta-
mylcysteine synthetase) to form gamma-glutamylcysteine (γ-GC) [15, 
16]. GCL is comprised of two subunits: GCLC and GCLM. GCLC provides 
all the catalytic activity for GCL, while GCLM allows for more efficient 
and rapid γ-GC formation by lowering the Km for glutamate and ATP, 
while also increasing the Ki for GSH feedback inhibition [16]. The sec-
ond enzymatic step of GSH biosynthesis is the conjugation of glycine to 
γ-GC by the enzyme glutathione synthetase (GS). GSH can also regulate 
its own production through negative feedback inhibition of GCL activity 
when cellular GSH levels are sufficient. 

Homozygous deletion of the Gclc gene in mice results in embryonic 
lethality [17]. However, while mice with homozygous deletion of the 
Gclm gene (Gclm null mice) are healthy and viable, young Gclm null mice 
still display low levels of GSH in their tissues (~10–20%) compared to 
their Gclm wild-type litter mates [18]. Given GSH’s central role in 
cellular redox homeostasis and antioxidant defense, one would expect 
Gclm null mice to be sensitive to pathophysiological conditions 
involving environmental and oxidative stress. While this holds true for 
some stressors which specifically require the GSH molecule for detoxi-
fication, such as acetaminophen-induced liver injury [18], Gclm null 
mice are unexpectedly resistant to many stressors, including ozone, 
diesel exhaust, certain nanoparticle exposures, methionine and 
choline-deficient (MCD) diet-induced nonalcoholic steatohepatitis 
(NASH)-like liver injury, 2,3,7,8-tetrachlorodibenzodioxin (TCDD)-in-
duced steatosis, and dietary alcohol exposure [19–25]. In contrast, Gclm 
heterozygous mice are more sensitive than Gclm wild-type and null mice 
to some of the aforementioned stressors. 

Previously published studies by colleagues at the University of Cin-
cinnati, the University of Colorado, and Yale University, who have also 
developed and investigated a Gclm null mouse model that closely mir-
rors the phenotypes of our Gclm null mice, showed that young (~10 
weeks) Gclm null mice exhibit improved measures of glucose homeo-
stasis relative to Gclm wild-type mice, as well as a lean phenotype which 
is resistant to HFD-induced obesity and development of T2DM [26–28]. 
Another study examining Gclm null mice found they display reduced 
hepatic glycogen storage [29]. This finding stands in contrast to mice 
with hepatocyte-specific Txnrd1-knockdown (another model of chronic 
thiol insufficiency), which display increased hepatic glycogen storage 
[30]. Derivation methods notwithstanding, all current Gclm null mouse 
models display increased activity of the oxidative stress-responsive and 
metabolic reprogramming transcription factor Nrf2 and subsequently, 
increased expression of Nrf2-regulated genes [18,20,27,31]. 

The lean phenotype observed in Gclm null mice likely results from a 
switch in hepatic energy utilization in response to GSH deficiency. Gclm 
null mice have fewer circulating free fatty acids relative to their wild- 
type counterparts (unpublished data, TJK, U of Washington), while in 
the liver, Gclm null mice display decreased expression of genes involved 
in fatty acid synthesis and gluconeogenesis, and increased expression of 
genes involved in glycogenesis, lipid catabolism, and lipid trafficking 
[20,22,27,32]. The dysregulation of these pathways relative to WT mice 
may be central to the T2DM- and obesity-resistant phenotype observed 
in young Gclm null mice. Notably, Nrf2, the most highly upregulated 
pathway in Gclm null mice [19,20,22,27] is believed to have a protective 
effect in delaying T2DM and metabolic dysfunction, including impaired 
glucose homeostasis, and mounting evidence suggests that Nrf2 is an 
important mediator between redox/cytoprotective defense and 

intermediary metabolism [8,33]. Further evidence as to the importance 
of Nrf2 in modulating glucose utilization is provided by the observation 
that mice with diminished methionine sulfoxide reductase B3 expression 
(another enzyme important in combating oxidative molecular damage) 
have upregulated Nrf2 in a compensatory manner and are resistant to 
high fat diet-induced insulin intolerance [34,35]. 

Accordingly, we surmised that compensatory hepatic expression of 
genes involved in cellular defense and energy pathways contribute 
significantly to the improved metabolic state observed in Gclm null mice. 
If such cytoprotective activities decline with age as has been previously 
reported [36,37], we expect that Gclm null mice would show functional 
signs of metabolic dysfunction (i.e. increased fasting blood glucose 
levels, impaired glucose tolerance, and decreased insulin sensitivity) 
relative to wild-type mice by 24+ months of age. Furthermore, because 
cadmium (Cd) has been shown to inhibit Nrf2 signaling [38] and 
because there is evidence that Cd may be a ‘diabetogen’ [39–41], we 
challenged mice with Cd to determine if such treatment could oppose 
Nrf2-mediated protection afforded by chronic Gclm deficiency. 

The overarching aim of this study was to determine if the improved 
parameters of glucose and metabolic homeostasis observed in young 
Gclm null mice relative to wild-type mice (insulin sensitivity, glucose 
tolerance, lean phenotype) are maintained through old age and in 
response to cadmium treatment. We hypothesized that Gclm null mice 
would be unable to maintain a favorable metabolic phenotype into old 
age (24+ months) compared to wild-type and heterozygous mice, as 
previous research has shown that aging can result in decreased antiox-
idant expression and activity [36,37]. 

2. Materials and methods 

2.1. Reagents 

All reagents were purchased from Life Technologies (Carlsbad, CA) 
and/or Sigma-Aldrich (Saint Louis, MO), unless otherwise noted. 

2.2. Animals 

All animal experiments were performed in accordance with the Na-
tional Institutes of Health Guide for the Use and Care of Laboratory 
Animals [42], and with the approval of the University of Washington 
Institutional Animal Care and Use Committee (IACUC; protocol 
#2384-08). We made all efforts to minimize animal distress and 
suffering. Gclm null mice were derived by homologous recombination 
techniques in mouse embryonic stem (ES) cells, as previously described 
[18]. The mice were back-crossed onto the C57BL/6J genetic back-
ground for at least 7 generations. Eight cohorts of male Gclm wild-type, 
heterozygous, and null mice were established representing four ages 
(10–13 weeks, 6 months, 18 months, and 24+ months) and two treat-
ments (saline and 2 mg/kg cadmium chloride, intraperitoneal (i.p.) in-
jection), with an n of 5–6 for each age, genotype, and treatment. 

2.3. Treatments 

One week following baseline glucose tolerance tests (GTT) and in-
sulin tolerance tests (ITT), performed as previously described [27,29], 
mice were intraperitoneally injected with either 0.9% sterile saline, or 2 
mg/kg cadmium chloride (CdCl2) in sterile saline (0.9% sodium chloride 
injection, USP; injection volume of 100–200 μl). Due to the dearth of 
toxicology studies examining acute heavy metal treatments, particularly 
cadmium, in aged mice, we performed a small dose-escalation study to 
determine an appropriate sublethal dose using 20 month-old Gclm mice. 
We sought to select an acute dose which also allowed us to perform 
functional tests of glucose homeostasis following dosing and prior to 
sacrifice. Based on our internal dose escalation study, and literature 
review of LD50 values for oral CdCl2 administration in different strains of 
laboratory mice ranging from 5 to 183 mg/kg [43–45], a 2 mg/kg CdCl2 
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dose of cadmium chloride was chosen. Ideally, a chronic dosing regimen 
would have been used to interrogate the effect of cadmium exposure. 
However, mice in some of the cohorts had already aged significantly, 
which precluded us from beginning a chronic dosing protocol. 

Twenty-four hours after CdCl2 (or saline control) injection, a GTT 
was administered and after another 24 h, an ITT was administered. Mice 
were then sacrificed the following morning (~66–72 h post-dosing). The 
aforementioned tests and timepoints were designed and chosen to 
maximize the data collected from each mouse without causing undo 
harm, while minimizing the number of mice needed. 

2.4. Necropsies 

Animals were sacrificed by placing them under CO2 narcosis, fol-
lowed by cervical dislocation. Fresh blood was obtained via heart 
puncture and collected in plasma separator tubes, placed on ice, 
centrifuged at 8000 rpm (5939×g) on an Eppendorf 5415D micro-
centrifuge equipped with a F45-24-11 rotor for 10 min at room tem-
perature, then stored at − 20 ◦C. Following blood collection, tissues were 
dissected and either flash frozen in liquid nitrogen, fixed in 10% neutral 
buffered formalin, and/or embedded in OCT (Optimal Cutting Tem-
perature) embedding compound (Sakura Finetek, Torrence, CA). 

2.5. Assessment of glucose homeostasis 

2.5.1. Blood glucose measurements 
For each cohort, baseline data for functional measures of glucose 

homeostasis (GTT and ITT) were assessed. Prior to GTT, mice were 
fasted for 8 h from 6 a.m. to 2 p.m. At the time of testing, baseline blood 
glucose levels were taken, immediately followed by i.p. injection of 1.5 g 
glucose/kg body weight (D-(+)-Glucose, Sigma G8270, solubilized and 

sterile filtered in 0.9% sodium chloride for injection, USP) after which 
blood glucose was measured at 15, 30, 45, 60 and 120 min post-injection 
(Fig. 1); the glucometer and glucose strips were purchased from a retail 
pharmacy (Walgreen’s, Inc., Seattle, WA). 

For 6 and 24+ month old Gclm wild-type and null mice, blood was 
collected at the time of baseline measurement for fasting plasma insulin 
analysis. The following day, mice were fasted for 4–6 h in preparation 
for an ITT (8–10 a.m. to 2 p.m.). Baseline blood glucose levels were 
measured, followed by IP injection of 1 U human insulin/kg body weight 
(Humulin R, Eli-Lilly, solubilized in 0.9% sodium chloride for injection, 
USP). Blood glucose was monitored at 15, 30, 45, 60 and 120 min post- 
insulin administration (Fig. 1). 

2.5.2. Fasting plasma insulin 
Plasma was collected from 6 to 24+ month Gclm wild-type and null 

mice by saphenous vein puncture. Plasma was separated from cellular 
components by centrifugation in heparin-coated tubes, then stored at 
− 20 ◦C. Fasted plasma insulin levels were measured using the Mouse 
Ultrasensitive Insulin ELISA kit (ALPCO Diagnostics, Salem, NH). 

2.6. Statistical analyses 

Data are expressed as the mean and SEM, unless otherwise noted. 
Data were analyzed by one-, two-, or three-way ANOVA, followed by a 
Bonferroni post hoc test, or a Student’s t-test (for pair-wise comparisons) 
using a statistical software package (Prism, GraphPad, Inc., San Diego, 
CA). Differences yielding a p-value of less than 0.05 were considered 
statistically significant. 

Fig. 1. (A) Overall design schematic for functional tests of glucose homeostasis, and (B) daily experimental schematic for blood glucose reading and 
plasma collection. 
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2.7. High-throughput transcriptome analysis 

Transcriptional analyses of liver RNA samples were performed using 
the TempO-Seq S1500 panel (BioSpyder Technologies), which in-
terrogates expression of approximately 3000 genes (Table S1). Briefly, 
the TempO-Seq platform contains a set of paired detector oligos for each 
transcript that bind to the target transcript sequence. The bound oligos 
are then ligated, PCR amplified, and sequenced using a NextSeq 
sequencer (Illumina, San Diego, CA). Sequenced reads were aligned to 
the set of detector oligo sequences using the STAR aligner, allowing for 
two mismatches. Counts per gene were read into R (r-project.org) and 
analyzed using the limma-voom pipeline from the Bioconductor limma 
package [46]. Briefly, the counts per gene are normalized by library size 
(total counts per sample, in millions) and converted to log scale, 
resulting in log counts/million (logCPM). Observation and sample 
weights are then estimated from the data to account for the 
mean-variance dependence of the logCPM values and sample quality, 
respectively, and used in a conventional weighted analysis of variance 
model. Comparisons between groups were made using empirical Bayes 
adjusted contrasts [47]. The resulting p-values were adjusted for mul-
tiplicity using false discovery rate (FDR), and genes were selected at an 
FDR <0.05 [48]. Heatmaps were generated in R using the Complex-
Heatmap package [49]. 

2.8. RT- PCR for measurement of metallothionein gene expression 

Fluidigm GE Dynamic Array 96.96 plates (Fluidigm, Inc., South San 
Francisco, CA) were primed on the Fluidigm IFC Controller prior to 
loading. Four μl of each 10X assay mix were loaded onto each assay well 
and 5 μl of each Sample Pre-Mix were loaded onto each sample well of 
the GE Dynamic Array (Fluidigm). Assays were run in triplicate. The GE 
Dynamic Array was loaded onto the IFC Controller before thermocycling 
with the following profile: 98 ◦C for 40s followed by 40 cycles, con-
sisting of 95 ◦C for 10s and 60 ◦C for 40s. Data were collected using the 
Fluidigm BioMark Data Collection Software 2.1.1 and analyzed using 
the Fluidigm Real-Time PCR Analysis Software 1.1.0. 

3. Results 

3.1. Body weight 

The first parameter of metabolic health examined in this study was 
body weight. Gclm null mice display a leaner phenotype throughout old 
age compared to Gclm wildtype and heterozygous mice (Fig. 2). At 18 
and 24+ months, this difference was statistically significant by two-way 
ANOVA, and the data also suggest that Gclm null mice display less 
variability in weight at 18 and 24+ months compared to wildtype and 
heterozygous mice. This suggests that the downregulation of fatty acid 
synthesis observed previously in young Gclm null mice [27] is likely 
maintained through 24+ months. 

3.2. Glucose homeostasis 

Next, we examined functional parameters of glucose homeo-
stasis—glucose tolerance and insulin sensitivity. At baseline, Gclm null 
mice were significantly more glucose tolerant than wild-type mice at 6 
and 24+ months of age by AUC; this observation was maintained 
following saline and cadmium administration (Fig. 3). Regarding insulin 
sensitivity, Gclm null mice were significantly more sensitive than wild- 
type mice at baseline through 24+ months (Fig. 4). Insulin sensitivity 
among saline treated WT and null mice was not statistically different 
using two-way ANOVA at 6 or 24+ months when quantified by AUC. 
However, the general trend of null mice being more insulin sensitive 
than wild-type mice though old age remained in the ITT curves. Inter-
estingly, at 24+ months, cadmium-treated Gclm null mice were signifi-
cantly more insulin sensitive than their wild-type counterparts, 

presumably owing to increased insulin resistance in Cd-treated 24+
month WT mice. Overall, functional measurements of glucose homeo-
stasis in Gclm heterozygous mice mirrored the results observed in wild- 
type mice across age and treatment (Supplemental Figs. 2–5). 

Surprisingly, cadmium treatment did not have a significant effect on 
either GTT or ITT, though wild-type mice trend toward glucose intol-
erance and insulin resistance at 24+ months relative to young mice 
following cadmium administration (Figs. 3 and 4). In contrast, the data 
do not suggest any changes to GTT or ITT in 24+ months Gclm null mice 
following administration of cadmium, aside from increased variability 
in both GTT and ITT AUC, though this was observed in all genotypes 
(Figs. 3 and 4; Figs. S2–S5). 

To complement GTT and ITT assessments, we measured fasting 
plasma insulin levels in Gclm wild-type and null mice at 6 and 24+
months of age, following saline or cadmium treatment (Fig. 5). High 
circulating insulin in a fasted state is a marker of insulin resistance [50]. 
At 24+ months, wild-type mice displayed a statistically significant in-
crease in fasted insulin levels following saline administration (Fig. 5A). 
In comparison, Gclm null mice did not display statistically significant 
changes to fasted plasma insulin at 24+ months (Fig. 5B). Cadmium 
treatment exacerbated the trend seen in saline-treated wild-type mice, 
but did not have an effect in Gclm null mice (Fig. 5A and B, panels i-iv). 
Three-way ANOVA revealed statistically significant interactions be-
tween age and genotype (p = 0.008), age and treatment (p =0.005), 
genotype and treatment (p = 0.007), as well as age x genotype x treat-
ment (p = 0.02). To supplement the fasting insulin measurements, ho-
meostatic model assessment of insulin resistance (HOMA-IR), an index 
of insulin resistance integrating fasted insulin with fasted blood glucose, 
was also calculated (Fig. S6). Statistical analysis of HOMA-IR suggests 
that Gclm wild-type mice are insulin resistant by 24+ months of age, 
while Gclm null mice remain insulin sensitive. These results indicate the 
cadmium dosing regimen may have not have been sufficient to produce 
effects in GTT or ITT tests, instead eliciting more subtle effects on 
glucose homeostasis, such as increased fasted insulin. A previous study 
using young mice reported a similar effect [51]. Using a higher acute 
cadmium dose or a chronic exposure protocol would likely produce 
different results in functional measures of glucose homeostasis. 

Fig. 2. Body weights of Gclm WT and null mice at 12 weeks, and at 6, 18, and 
24+ months (n=12–24 mice/group). Data analyzed using two-way ANOVA 
with Bonferroni corrections (n=12–23/genotype); *, p < 0.05; **, p < 0.001; 
***, p < 0.0001. Data are shown as mean values ± the standard error of the 
mean (SEM). 
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3.3. Transcriptome analysis 

To elucidate changes at the molecular level which may be driving 
improved functional measures of glucose homeostasis in Gclm null mice, 
hepatic expression of targets important in cellular redox, defense, and 
energy homeostasis were examined. Transcriptomic expression of genes 
central to fatty acid metabolism, gluconeogenesis, 5′ adenosine 
monophosphate-activated protein kinase (AMPK), and peroxisome 
proliferator-activated receptor gamma (PPARγ) signaling was measured 
using BioSpyder’s TempO-Seq multiplex platform (https://www.biosp 
yder.com/; Figs. 6 and 7). 

Relative to young (6 month-old) saline-treated wild-type mice, Gclm 
null mice show strong upregulation of many Nrf2-regulated gene tran-
scripts through 24+ months (Fig. 6). While transcript levels of Nfe2l2 
(Nrf2) were only modestly increased in null mice, positive regulators of 
Nrf2 signaling Crebbp, Maff, Prkca, and Sqstm1 [52–54] were all upre-
gulated in both young and old Gclm null mice (Fig. 7). Cadmium 
administration did not have a significant effect on Nrf2 target transcripts 
in null mice, potentially suggesting that robust basal Nrf2 activity in 
Gclm null mice is sufficient to protect against acute cadmium treatment 
(Fig. 6). Interestingly, in contrast, aged Gclm wild-type mice displayed 
slight repression of multiple CYPs and GSTs following cadmium treat-
ment, indicating Nrf2 activation may be impaired in these mice 
compared to their younger counterparts (Fig. 6). 

Fatty acid synthesis is unequivocally decreased in Gclm null mice 

through old age relative to young (6 month old), saline-treated wild-type 
mice, as evidenced by significant downregulation of fatty acid synthase 
(Fasn), fatty acid binding protein 5 (Fabp5), and elongation of very long 
chain fatty acids protein 5 (Elovl5; Fig. 7), complemented by improved 
fatty acid trafficking (Cd36; Fig. 7), enhanced expression of beta 
oxidation enzymes 17-β-hydroxysteroid dehydrogenase 10 (Hsd17b10) 
and long chain acyl-CoA dehydrogenase (Acadl; Fig. 7), and increased 
expression of a critical enzyme in the production of NADPH equivalents, 
Me1 (Fig. 7). These results align with prior observations of decreased 
circulating free fatty acids in young Gclm null mice relative to wild-type 
(unpublished data). Importantly, Gclm null mice have shifted away from 
gluconeogenesis, as evidenced by decreased expression of gluconeo-
genic targets glucose-6-phophatase (G6pc) and phosphoenolpyruvate 
carboxykinase 2 (Pck2; Fig. 7). 

Expression of AMPK and PPAR, two pathways central to lipid and 
glucose metabolism which display significant crosstalk with Nrf2, was 
also assessed. Multiple AMPK subunits, as well as PPARγ, were upre-
gulated in the young and old saline-treated Gclm null mice relative to 
young saline-treated wild-type. Many of their downstream targets 
[55–59] were also dysregulated accordingly (e.g., increased Pfkl, Me1, 
Nr1h3, decreased Elavl1, Hmgcs2) (Fig. 7). Furthermore, two targets 
negatively associated with T2DM, Irs1 (a direct indictor of insulin 
sensitivity [60]) and Wfs1 are increased in null mice, and expression of 
Ptpn1, a gene whose product (tyrosine-protein phosphatase 
non-receptor type 1) represses insulin signaling and is positively 

Fig. 3. Measurements of glucose tolerance in Gclm WT and null mice at 6 and 24+ months at baseline or following saline/cadmium treatment (n=4–18 mice/group). 
Area under the curve (AUC) data analyzed by two-way ANOVA with post-hoc Bonferroni correction for multiple comparisons: *, p < 0.05; **, p < 0.01; ***, p <
0.001; ****, p < 0.0001. Error bars represent the SEM. 
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associated with development of T2DM and metabolic syndrome [61], is 
significantly decreased in null mice (Fig. 7). These results not only 
confirm previous observation of metabolic shift(s) in young Gclm null 
mice [31], but also for the first time provide evidence that these mo-
lecular level changes in Gclm null mice are conserved into old age. As a 
result, aged Gclm null mice may be better adapted to challenge with 
many oxidative and metabolic stressors than aged wild-type mice. 

3.4. Metallothionein gene expression 

Finally, the resistance of Gclm null mice to Cd-related decrements in 
glucose homeostasis led us to investigate the expression of targets 
involved in metal binding and detoxification. GSH is known to be an 
important line of defense against cadmium toxicity, and in vitro studies 
consistently show that low glutathione levels leave cells susceptible to 
cadmium-induced oxidative damage [62,63]. In addition, metal-
lothioneins (MTs), low-molecular weight, heavy metal-binding proteins, 
are induced following cadmium exposure [64]. MT-I and MT-II are the 
main MTs expressed in liver, and MT-I/MT-II null mice are sensitive to 
acute Cd-induced hepatotoxicity and chronic Cd-induced nephrotoxi-
city, highlighting the importance of these proteins in mediating cad-
mium toxicity [65]. However, MT induction requires transcriptional 
activation by Nrf2/Keap1 to accumulate in protective amounts, meaning 
that sufficient MT expression is not achieved until hours after exposure. 
Thus, glutathione and metallothioneins act as complementary defense 

mechanisms against cadmium toxicity; GSH acts as an initial defense, 
and MTs act as a second-stage defense [63,65]. 

Given that MTs are also Nrf2-regulated, and that they play an 
important role in cadmium detoxification, we examined MT expression 
in the livers of young and old Gclm wild-type and null mice by qRT-PCR. 
Our results indicate that hepatic Mt1/2 mRNA transcripts are increased 
in old, but not young, Gclm null mice following cadmium administra-
tion, relative to Gclm wild-type (Fig. 8). Furthermore, the interaction of 
age, genotype, and treatment was statistically significant by three-way 
ANOVA (p = 0.034; Fig. 8). While these preliminary data suggest 
Gclm null mice may be able to more effectively induce MTs in response 
to cadmium exposure as a consequence of increased Nrf2/Keap1 activ-
ity, future research will be necessary to fully elucidate the importance of 
MT expression/induction in these mice. 

4. Discussion 

In this study, we assessed two functional parameters to examine 
general glucose homeostasis in Gclm wild-type and null mice: glucose 
tolerance and insulin sensitivity. During these tests, mice are challenged 
with a bolus of either glucose (GTT) or insulin (ITT), and blood glucose is 
periodically measured to see how mice respond to each challenge (i.e. 
how quickly blood glucose levels return to baseline). Impaired glucose 
tolerance and insulin sensitivity are associated with a T2DM phenotype 
and general metabolic dysfunction. Previous work [27] demonstrated 

Fig. 4. Measurements of insulin tolerance/sensitivity in Gclm WT and null mice at 6 and 24+ months at baseline or following saline/cadmium treatment (n=4–18 
mice/group). Area under the curve (AUC) data analyzed by two-way ANOVA with post-hoc Bonferroni correction for multiple comparisons: *, p < 0.05; **, p < 0.01; 
***, p < 0.001; ****, p < 0.0001. Error bars represent the SEM. 
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Fig. 5. Measurements of plasma insulin levels in selected cohorts of mice (n=5–6 mice/group). (A) * = Three-Way ANOVA for genotype and treatment (Bonferroni): 
*p < 0.05, **p < 0.001, ***p < 0.0001. (B) Comparisons of plasma insulin levels by genotype (panels i-iv) and age (panels v-viii). * = Student’s t-test: *p < 0.05, **p 
< 0.001, ***p < 0.0001. Error bars represent the SEM. 
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that young Gclm null mice are more insulin sensitive and glucose 
tolerant than WT mice, a trend we have replicated here. However, this is 
the first study to examine how these findings are affected with age and in 
response to an exogenous toxicant challenge (cadmium). 

Unexpectedly, our results contradict the hypothesis that age would 
have a significant effect on the ability of Gclm null mice to maintain 
improved insulin sensitivity and glucose tolerance relative to WT mice. 
Recent evidence points to an important role for Nrf2/Keap1 in main-
taining metabolic homeostasis and preventing T2DM-like phenotypes, 
and the data presented here are consistent with Nrf2 activity not 
declining significantly with age in Gclm null mice [66,67]. The idea that 
Gclm null mice are protected from metabolic dysfunction with age is 
further supported by the finding that WT mice have increased fasted 
plasma insulin in old age, while null mice maintain low fasted insulin 
with age. High circulating insulin in a fasted state is indicative of insulin 
resistance, as it suggests that beta-cells within pancreatic islets need to 
produce and export more insulin to the periphery in order to maintain 
normal blood glucose [50]. Additionally, increased Nrf2 activity and 
subsequent induction of metallothioneins may also in part explain why 
cadmium had an effect on fasted plasma insulin in old Gclm wild-type, 
but not old Gclm null mice. 

A potential explanation for the improved glucose homeostasis 
observed in Gclm null mice is through Nrf2-mediated modulation of 
intracellular energy pathways, such as the AMPK and PPARγ. AMPK is 
an energy sensor that maintains homeostasis and interacts with several 
cellular metabolic pathways, including Nrf2. Activation of the AMPK 
axis has myriad effects, ultimately resulting in suppressed hepatic 
lipogenesis and gluconeogenesis [68], and such changes are known to 
occur in the livers of Gclm null mice exposed to normal diets and to 
alcohol [20]. Transcriptional-level investigation suggests that Gclm null 
mice display modestly increased AMPK subunit and downstream target 
expression, including the rate-limiting gluconeogenic enzyme 
glucose-6-phosphatase (G6pc), and mitochondrial phosphoenolpyruvate 
carboxykinase (PEPCK, Pck2) [69,70]. Furthermore, PPARγ, a master 
regulator of adipogenesis, lipid homeostasis, and glucose metabolism 
[71] is highly upregulated in the livers of Gclm null mice. PPARγ stim-
ulation improves glucose tolerance and insulin sensitivity in T2DM pa-
tients and animal models through promotion of fatty acid storage and 
modulation of adipocyte-secreted hormone expression [72,73]. Conse-
quently, our findings support recent work which has revealed significant 
crosstalk between the Nrf2, AMPK, and PPARγ pathways, with Nrf2 
acting as an “interface between redox and intermediary metabolism” 
[66,74,75]. 

Importantly, however, the improved metabolic phenotype observed 

in Gclm null mice is likely not only attributable to differences in gluco-
neogenesis and lipogenesis in the liver. Tissues such as muscle, adipose, 
and pancreas also likely contribute to the increased glucose tolerance, 
insulin sensitivity, and increased basal metabolic rate Gclm null mice 
display. The role(s) of these tissues in glucose signaling warrant future 
investigation. 

Our data challenge the prevailing literature regarding glucose ho-
meostasis changes with age in laboratory mice. Numerous studies have 
reported increasing insulin resistance and declining glucose tolerance 
concurrent with altered insulin secretion as characteristics of aging [76]. 
However, notable exceptions have been documented in both humans 
and experimental animals [77–80]. A study from 1988 which examined 
glucose homeostasis in male C57BL/6J mice (the same background 
strain as the Gclm mice used here) came to the following conclusion: “the 
findings that glucose tolerance [does] not deteriorate with age, coupled 
with the lack of evidence for impaired beta cell responsiveness to 
glucose in old males, suggest that deterioration in glucose homeostasis is 
not an inevitable consequence of aging in the mouse” [81]. The results of 
a more recent study went further, showing glucose tolerance improving 
with age in this strain [76]. However, as part of the same study, these 
authors found that insulin sensitivity declined with age. In summary, 
age-related decrements to glucose homeostasis in C57BL/6J mice are 
not unequivocal, and thus, while our results run contrary to the general 
consensus, they are not without precedent. 

While metabolic adaptation in Gclm null mice, notably enhanced 
Nrf2 activity, may provide an explanation for why Gclm null mice are 
resistant to age-induced declines in glucose homeostasis, it remains 
unresolved as to why no appreciable changes to functional testing of 
glucose tolerance and insulin sensitivity with age were observed in Gclm 
wild-type (and heterozygous) mice. These mice were derived from a 
C57BL/6J background many years ago, and even with backcrossing, it is 
possible that unknown factors, genetic, epigenetic, or otherwise, may 
have become fixed over time. It is also important to consider the study 
presented here used male mice exclusively; sex-related differences in 
aging phenotypes may be significant in Gclm mice. Furthermore, there 
may be environmental differences that could alter gut microbiota in 
mice housed at the University of Washington compared to other in-
stitutions. Nonetheless, we did observe significant changes to fasted 
plasma insulin levels with age in wild-type mice, indicating that age- 
related declines in glucose homeostasis are indeed occurring, even if 
they were not observed by GTT or ITT; alternative dosing protocols or 
exposure to compound(s) with more direct effects on metabolism may 
provide a clearer picture of the age-related changes to glucose homeo-
stasis observed here. 

Fig. 6. Hierarchical clustering of canonical Nrf2-regulated genes. Shading is based on the fold induction of mRNA of each gene compared with the young (6 month), 
saline-treated wild-type mice. Colors represent log fold change in expression relative to control (n=3–4/genotype and treatment). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of this article.) 
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The adaptations afforded by deletion of Gclm (e.g., increased Nrf2 
signaling) are likely the basis for protection to exposure(s) to certain 
stressors. However, GSH levels are not completely depleted in Gclm null 
mice, so they still have some capacity to detoxify some agents using GSH 
directly, or for example, through glutathione S-transferase (GST)- 
mediated conjugation. Moreover, the molecular adaptations observed in 
Gclm null mice are likely in response to chronically reduced GSH levels, 
including during gestation and early life. While increased antioxidant 
buffering capacity through Nrf2 stimulation may confer positive effects 
on glucose tolerance and aging, the specific constellation of changes 
seen in Gclm null mice might be difficult to replicate by decreasing Gclm 
expression only in adulthood. In fact, without the complementary 
modulation of metabolic signaling (e.g., AMPK, and PPARγ) observed in 
Gclm null mice, constitutive overexpression of Nrf2 in adults may in fact 
be detrimental, owing to the so-called “dark side” of Nrf2, in which 
promotion and pro-diabetic shifts in metabolism are observed [82,83]. 

It is also important to recognize that despite a wealth of evidence 
suggesting that perturbations to GSH and other thiols (e.g., thioredoxin, 
cysteine) impact insulin signaling, parsing the precise role of particular 

antioxidant molecules in glucose homeostasis is complicated by the 
complementary, and at times, redundant, nature of these antioxidant 
systems [84]. For example, it has been demonstrated that chronic 
treatment of adult mice on a high-fat diet with the GCL inhibitor 
buthionine sulfoximine (BSO) produced a lean phenotype, an effect that 
might be due to low levels of circulating cysteine [85]. However, in 
another study, supplementation with glycine to increase GSH synthesis 
in a rat model of sucrose-induced insulin resistance resulted in improved 
insulin sensitivity, suggesting that GSH is specifically important for 
modulating insulin responsiveness [86]. Regardless, under a state of 
normal GCL expression, GSH likely remains a very important defense 
against age-induced decrements in redox and glucose homeostasis, 
particularly when aged adults are faced with certain challenges (e.g., 
inflammation, infection, ischemia/reperfusion injury, xenobiotic 
detoxification), where resilience depends on maintaining a “healthy” 
redox state. 

To conclude, our mouse model of chronic glutathione defi-
ciency—Gclm null mice—in which redox- and energy homeostasis- 
related genes are highly upregulated presumably to compensate for 
low GSH levels, maintain a favorable metabolic state into old age. In 
contrast, Gclm wild-type mice, which do not have similar compensatory 
redox/antioxidant gene upregulation under basal conditions, display 
increased markers of insulin resistance with age. Because aging is a 
known driver of general metabolic dysfunction in mammals, the results 
of this study were somewhat surprising. Though future study will be 
required to further elucidate the precise mechanisms driving the 
favorable metabolic phenotype in Gclm null mice, our work strongly 
suggests that Gclm null mice are able to resist age-induced metabolic 
dysfunction through protective compensatory upregulation of Nrf2, 
AMPK, and PPARγ pathways, lending credence to and augmenting the 
significant body of research supporting the idea that altered redox ho-
meostasis contributes to T2DM development and progression [87–89]. 
The role of redox homeostasis in T2DM is more nuanced than turning a 
redox “switch” on or off, and persistent, adaptive responses to redox 
imbalance from early in life are likely important. Our research supports 
this idea, as Gclm null mice compensate for redox imbalance (low GSH 
levels) from birth, displaying lifelong modification of antioxidant ac-
tivity. Further research examining early-life, chronic interventions to 
modulate redox status and their effect(s) on the development of 

Fig. 7. Hierarchical clustering of energy homeostasis targets. Expression for 
genes involved in fatty acid trafficking and synthesis, gluconeogenesis, insulin 
sensitivity, PPARγ, and AMPK are included. Shading is based on the fold in-
duction of mRNA of each gene compared with the young (6 month), saline- 
treated wild-type mice; colors represent log fold change in expression relative 
to control (n=3–4/genotype). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. Hepatic mRNA expression of Mt1/Mt2 using qRT-PCR in the livers of 6 
and 24+ month old saline and CdCl2-treated Gclm wild-type and null mice. 
Given Mt1 and Mt2 are coordinately regulated by Nrf2, expression data from 
these isoforms were averaged. Expression values are reported as means and 
SEM (n = 3–4 for all groups), normalized to β-actin mRNA expression. Data 
analyzed by Three-Way ANOVA for age, treatment, and genotype using 6- 
month WT saline as control, with Bonferroni correction for multiple compari-
sons. *p < 0.05, **p < 0.01, ***p < 0.001. 
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metabolic dysfunction later in life are increasingly pertinent to a society 
in which the incidence of T2DM and other metabolic diseases continues 
to increase [1]. 
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