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Abstract

Human epidemiological and animal studies have shown the beneficial effect of zinc 

supplementation on mitigating diabetic nephropathy. However, the mechanism by which zinc 

protects the kidney from diabetes remains unknown. Here we demonstrate the therapeutic effects 

of zinc on diabetes-induced renal pathological and functional changes. These abnormalities were 

found in both transgenic OVE26 and Akt2-KO diabetic mouse models, accompanied by significant 

changes in glucose-metabolism-related regulators. The changes included significantly decreased 

phosphorylation of Akt and GSK-3β, increased phosphorylation of renal glycogen synthase, 

decreased expression of hexokinase II and PGC-1α, and increased expression of the Akt negative 

regulators PTEN, PTP1B, and TRB3. All of these were significantly prevented by zinc treatment 

for 3 months. Furthermore, zinc-stimulated changes in glucose metabolism mediated by Akt were 

actually found to be metallothionein dependent, but not Akt2 dependent. These results suggest that 

the therapeutic effects of zinc in diabetic nephropathy are mediated, in part, by the preservation of 

glucose-metabolism-related pathways via the prevention of diabetes-induced upregulation of Akt 

negative regulators. Given that zinc deficiency is very common in diabetics, this finding implies 

that regularly monitoring zinc levels in diabetic patients, as well as supplementing if low, is 

important in mitigating the development of diabetic nephropathy.
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Diabetic nephropathy (DN) is the most common cause of end-stage renal disease in 

developed countries and is associated with significantly increased mortality in diabetic 

patients [1]. Albuminuria, a common characteristic of DN, is associated with a higher 

incidence of progression toward renal failure [1]; therefore, reducing urine albumin is an 

important goal toward preventing renal functional decline [2]. To date, there remains no 

completely effective approach to prevent the development and/or progression of DN in 

diabetic patients. Several new drugs had been developed and approved by the FDA, but were 

withdrawn because of unexpected toxic side effects. One option is to apply drugs that are 

currently used in clinics for other, nondiabetic, diseases and that are without side effects to 

diabetic patients [2].

Zinc (Zn) is a trace element that plays a pivotal role in the proper functioning of many 

enzymes and transcription factors [3]. Zn has been used clinically in the treatment of several 

diseases. Its low toxicity profile makes it possible to use in pediatric patients [4,5]. Recently, 

meta-analysis and systematic review of clinical data showed the beneficial effects of Zn 

supplementation for diabetic patients, which included the following findings [6,7]. Zn 

supplementation has a hypoglycemic effect and improves lipid profiles [6,7]. Human study 

proves that Zn supplementation reduces albumin excretion in microalbuminuric type 2 

diabetic patients [8,9]. These authors stated the need for further studies to identify the exact 

mechanisms responsible for these Zn-mediated beneficial effects [6–9]. Using animal 

models, we have demonstrated that Zn supplementation provides renal protection against 

diabetes-induced pathological changes [10], which has already been supported by 

subsequent studies [11,12]. However, the underlying mechanism has yet to be established.

We have reported that renal pathological changes such as inflammation, cell death, and 

remodeling, occurring in the late stage of diabetes, were associated with decreased Akt 

(protein kinase B) function in the kidney [13]. The Akt family of serine–threonine kinases 

participates in diverse cellular processes, including the promotion of cell survival, glucose 

metabolism, and cellular protein synthesis. Among the three isoforms of Akt, each has its 

own predominant function [14–18]: Akt1 is involved in cellular survival pathways by 

inhibiting apoptotic processes; Akt1 is also able to induce protein synthesis, making it a key 

signaling protein in the cellular pathways that lead to skeletal muscle hypertrophy and 

general tissue growth. Akt2 is an important molecule in the insulin-signaling pathway. Mice 

with Akt1 gene deletion show normal glucose metabolism [16], whereas mice with Akt2 

gene deletion (Akt2-KO) or humans with an Akt2 gene mutation develop insulin resistance 

and a type 2 diabetes-like phenotype [15,16,19]. The role of Akt3 is less clear, though it 

seems to be important for the brain [17,18]. Reportedly, Zn has an insulin-like function 

allowing it to stimulate Akt phosphorylation and activate glucose metabolism [20–22]. 

Therefore, because of the important role of Akt2 in insulin-mediated glucose metabolism, 

we assume that Zn-mediated protection from diabetes-induced renal damage may be 

predominantly dependent on Akt2.
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Another potential mechanism responsible for Zn-induced renal protection may be the 

induction of metallothionein (MT). MTs are a group of intracellular metal-binding proteins 

characterized by low molecular mass (6–7 kDa) and high cysteine content (20 of the 61 or 

62 amino acids). Although four isoforms of MTs have been characterized, MT-I and MT-II 

are the major isoforms in most human and animal organs. Intracellular Zn is regulated by 

binding to MT and by compartmentalization through the activities of Zn transporters. MTs 

have high binding affinity for Zn and play a central role in maintaining intracellular Zn 

availability through sequestration or release of Zn [23,24]. However, it is unclear whether Zn 

protection of the diabetic kidney is dependent on MT. It is also unclear whether there is any 

cross talk between Zn-induced Akt/glycogen synthase kinase-3β (GSK-3β) activation and 

MT induction.

In this study we examined whether Zn can provide a therapeutic effect against DN using the 

OVE26 type 1 diabetic mouse model. We then examined whether the therapeutic effect of 

Zn on the diabetic kidney is dependent on Akt2 using an Akt2-KO mouse model. Finally, we 

examined if MT is required for Zn stimulation of Akt and its downstream pathways by using 

mice with an MT gene deletion (MT-KO).

Materials and methods

Animals

OVE26 mice with an FVB background were developed by Dr. Paul N. Epstein and 

characterized before [25]. Akt2-KO mice with C57BL/ 6J background were obtained from 

The Jackson Laboratory (Bar Harbor, ME, USA) and have been cross-bred with FVB mice 

for more than 12 generations. MT-KO mice (MT-I and MT-II knockout mice) and wild-type 

(129S1) control mice were also obtained from The Jackson Laboratory. Mice were housed at 

22 °C with a 12:12-h light: dark cycle and free access to rodent chow and tap water. All of 

the aforementioned studies were performed with male mice to be consistent with our 

previous studies [25–30]. All animal procedures were approved by the Institutional Animal 

Care and Use Committee.

Type 1 diabetes model

Male transgenic type 1 diabetic OVE26 mice typically develop severe hyperglycemia before 

3 weeks of age and albuminuria by 2–3 months of the age [25,26]. Therefore, male OVE26 

mice at 3 months of age were randomly divided into two groups: diabetes (DM, n = 6) and 

diabetes with Zn treatment (DM/Zn, n = 6). Age-matched FVB mice were also randomly 

divided into two groups: nondiabetic control (control, n = 6) and Zn control (Zn, n = 6). Zn 

supplementation was given by gavage at 5 mg Zn/kg (ZnSO4) every other day for 3 months. 

Control and DM group mice were administered equal amounts of saline. The volume of 

ZnSO4 solution was calculated based on individual mouse body weight (0.1 ml ZnSO4/g 

body wt). All mice were sacrificed at 6 months of age (i.e., at the end of 3 months of Zn 

supplementation).
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Akt2-KO mouse model

Two-month-old male Akt2-KO mice were randomly divided into two groups: diabetes 

(Akt2-KO, n = 6) and diabetes supplemented with Zn (Akt2-KO/Zn, n = 6). Age-matched 

FVB mice were also randomly divided into two groups: control (control, n = 6) and Zn 

control (Zn, n = 6). For Zn supplementation and control mice, Zn and saline were given by 

the same methods described above for the type 1 diabetes model. All mice were sacrificed at 

5 months of age.

MT-KO and FVB mouse model

Two-month-old male MT-KO mice were randomly divided into two groups: control group 

(MT-KO, n = 6) and Zn supplementation group (MT-KO/Zn, n = 6). Age-matched 129S1 

mice and FVB mice were also randomly divided into two groups: control (n = 6) and Zn 

supplementation (Zn, n = 6). Inclusion of FVB mice was to ensure Zn-induced Akt function 

in both 129S1 and FVB mice. All mice were sacrificed at the end of 1 month of Zn 

supplementation.

Biochemical assays

Plasma glucose and insulin levels were assayed according to the manufacturer’s procedures 

described in the corresponding kits (Crystal Chemical, Downer Grove, IL, USA). Urinary 

albumin-to-creatinine ratio (ACR) was calculated as ACR = urine albumin/ urine creatinine 

(μg/mg).

Histopathological examination, immunohistochemical and fluorescent staining

Kidney tissue was fixed overnight in 10% phosphate-buffered formalin, dehydrated in a 

graded alcohol series, cleared with xylene, embedded in paraffin, and sectioned at 5 μm 

thickness for pathological exam, immunohistochemical staining, and immunofluorescent 

staining. Paraffin sections were dewaxed and incubated with 1 × target retrieval solution 

(Dako, Carpinteria, CA, USA) for 15 min at 98 °C for antigen retrieval and then treated with 

3% hydrogen peroxide for 15 min at room temperature, followed by blocking with 5% 

bovine serum albumin (BSA) for 30 min.

Kidney sections were stained with hematoxylin and eosin (H&E) and Sirius red as 

previously described [27,28]. For immunohistochemical staining, sections were incubated 

overnight at 4 °C with the following primary antibodies: 4-hydroxy-2-nonenal (4-HNE; 

1:400 dilution; Alpha Diagnostic International, San Antonio, TX, USA), TNF-α (1:100 

dilution; Abcam, Cambridge, MA, USA), plasminogen activator inhibitor-1 (PAI-1; 1:400 

dilution; BD Biosciences, San Jose, CA, USA), TGF-β1 (1:100 dilution; Santa Cruz 

Biotechnologies, Dallas, TX, USA), and CTGF (1:100 dilution; Santa Cruz 

Biotechnologies). Sections were then washed with phosphate-buffered saline (PBS) and 

incubated with horseradish peroxidase-conjugated secondary antibodies (1:300–400 

dilutions in PBS) for 2 h at room temperature. For the development of color, sections were 

treated with peroxidase substrate 3,3-diaminobenzidine in the developing system (Vector 

Laboratories, Burlingame, CA, USA).
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For immunofluorescent staining, sections were incubated with anti-Akt (1:100; Cell 

Signaling Technology, Danvers, MA, USA) or anti-phospho-Akt (1:100; Cell Signaling 

Technology) antibody. Then, secondary antibodies of Cy3-conjugated IgG (1:200; Cell 

Signaling Technology) and FITC-conjugated IgG (1:100; Abcam) were applied for 1 h at 

room temperature. Slides were counter-stained with DAPI (Sigma–Aldrich, St. Louis, MO, 

USA), covered with aqueous mounting medium (Sigma–Aldrich), and analyzed under a 

fluorescence microscope (Nikon, Tokyo, Japan).

Western blotting

MT expression was detected using a modified Western blot protocol [30]. Kidney proteins 

were treated with dithiothreitol at a final concentration of 20 mM at 56 °C for 30 min. This 

was followed by the addition of iodoacetamide (Sigma–Aldrich) at 50 mM at room 

temperature for 1 h in the dark and then centrifugation for collecting the protein suspension. 

In addition, proteins were transferred to a nitrocellulose membrane with transfer buffer 

including 2 mM CaCl2. The monoclonal antibody against human MT (Dako North America, 

Carpinteria, CA, USA) was used at 1:1000 dilutions in 3% BSA at 4 °C overnight. Because 

the transfer buffer contains CaCl2, these blots could not be stripped for reprobing β-actin. 

Therefore, a parallel gel was used for β-actin analysis using the method described below.

Regular Western blot protocol was performed as described in our previous studies [29,30]. 

Primary antibodies used included 4-HNE (1:1000), TNF-α (1:500), intercellular adhesion 

molecule 1 (ICAM-1; 1:500), CTGF (1:500), TGF-β1 (1:500), hexokinase II (HKII; 

1:1000), and β-actin (1:2000), all of which were purchased from Santa Cruz 

Biotechnologies. Phospho-Akt (Ser473, 1:1000), Akt (1:1000), phospho-PTEN (Ser380/

Thr382/383, 1:1000), PTEN (1:1000), phospho-GSK-3β (Ser9, 1:1000), GSK-3β (1:1000), 

phosphoglycogen synthase (GS) (Ser641, 1:1000), GS (1:1000), phospho-Akt1 (Ser473, 

1:1000), Akt1 (1:1000), phospho-Akt2 (Ser474, 1:1000), Akt2 (1:1000), and PPAR-γ 
coactivator 1α (PGC-1α; 1:1000) were purchased from Cell Signaling. PAI-1 (1:2000) and 

protein tyrosine phosphatase 1B (PTP1B; 1:2000) were purchased from BD Biosciences. 

TNF-α (1:1000) and TRB3 (1:1000) were purchased from Abcam and Calbiochem (San 

Diego, CA, USA), respectively.

Statistical analysis

Data were collected from six animals for each group and presented as the mean ± SD. 

Comparisons between groups were performed by one-way ANOVA, followed by a Tukey’s 

post hoc test. Statistical analysis was performed with Origin 7.5 Laboratory Data Analysis 

and Graphing software. Statistical significance was considered as p < 0.05.

Results

Therapeutic effect of Zn on the functional and pathogenic changes in the kidney of OVE26 
type 1 diabetic mice

Significant albuminuria occurs in 2- to 3-month-old OVE26 (DM) mice [25]. To explore the 

therapeutic effect of Zn on diabetes-induced renal changes, we gave Zn to 3-month-old 

OVE26 diabetic and age-matched FVB control (Ctrl) mice. Zn was given by gavage at 5 
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mg/kg every other day for 3 months based on our previous studies [10]. Blood glucose 

levels, measured before and after Zn treatment (Fig. 1A), were found to continually increase 

in both the DM group and the DM/Zn group, but they were slightly lower in DM/Zn mice 

than in DM mice at 6 months (Fig. 1A, p < 0.05). Similarly, the increased ACR in 6-month 

Zn/DM mice was also slightly lower than in 6-month DM mice (Fig. 1B, p < 0.05).

There was no significant difference in body weight among groups at the termination of the 

study (31.68±1.89, 30.88±1.67, 29.21±2.80, and 30.87±3.27 g for Ctrl, Ctrl/Zn, DM, and 

DM/Zn, respectively). There was no significant difference in blood triglyceride levels 

between Ctrl (89.67±26.35 mg/dl) and Ctrl/Zn mice (103.72±13.02 mg/dl) or between DM 

(190.23±34.66 mg/dl) and DM/Zn mice (204.88±31.34 mg/dl). There was no significant 

effect of Zn on BUN between Ctrl (25.85±5.39 mg/dl) and Ctrl/ Zn mice (24.56±4.43 mg/dl) 

or between DM (43.05±6.05 mg/dl) and DM/Zn mice (38.65±4.78 mg/dl). However, serum 

insulin levels were significantly increased in DM/Zn mice compared to DM mice. Both DM 

groups showed much lower serum insulin levels than Ctrl and Ctrl/Zn mice (Fig. 1C).

Kidney size was larger in DM mice than in Ctrl mice. This was slightly attenuated by Zn 

treatment (Fig. 1D). Consistent with kidney size, the ratio of kidney weight to body weight 

in DM mice was also significantly increased compared to that in Ctrl mice. This was also 

slightly attenuated by Zn treatment (Fig. 1E, p < 0.05).

Histological examination with H&E staining showed that the kidneys from DM mice 

exhibited segmental glomerulosclerosis and excessive accumulation of extracellular matrix, 

resulting in glomerular enlargement (Fig. 2A). Zn treatment significantly decreased these 

pathological changes in the DM/Zn group. Sirius red staining revealed significantly 

increased collagen accumulation in the kidneys of DM mice, but not in DM/Zn mice. To 

further examine the profibrotic response, Western blot analysis (Fig. 2C) and 

immunohistochemical staining (Fig. 2D) were performed for TGF-β1 and CTGF. The renal 

fibrotic response was significantly increased in DM mice, but was significantly prevented by 

Zn treatment.

Because the fibrotic response is often induced by inflammation and/or associated oxidative 

damage, we examined renal expression and location of ICAM-1, TNF-α, PAI-1, and 4-HNE 

via Western blot analysis (Fig. 2E) and immunohistochemical staining (Fig. 2F). Renal 

expression of ICAM-1, TNF-α, and PAI-1 was significantly increased in DM mice, but was 

significantly attenuated by Zn treatment. The attenuation of renal inflammation by Zn 

treatment in diabetic mice was also accompanied by a reduction in renal oxidative damage, 

demonstrated by decreased expression of 4-HNE.

Effects of Zn treatment on Akt-mediated molecules related to metabolism and Akt negative 
regulators in the kidney of OVE26 type 1 diabetic mice

To mechanistically study the therapeutic effects of Zn on the diabetic kidney, renal MT was 

measured. Consistent with previous results [10], Zn treatment increased renal MT 

expression in control and diabetic mice; however, diabetes also increased renal MT 

expression (Fig. 3A). Thus, MT elevation alone cannot explain the renal protection gained 

from Zn against diabetic kidney damage.
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Next, we explored whether Zn supplementation in DM mice stimulates renal Akt-mediated 

molecules involved in glucose metabolism. This was done by examining the phosphorylation 

of Akt(1,2,3), GSK-3β, and GS (Fig. 3B). In DM mice, the phosphorylation of Akt and 

GSK-3β was significantly decreased, whereas the phosphorylation of GS was significantly 

increased, both of which were completely prevented by Zn treatment. The renal expression 

of HKII and PGC-1α was also significantly decreased in DM mice, but not DM/Zn mice 

(Fig. 3C). The expression of the Akt negative regulators p-PTEN, PTP1B, and TRB3 was 

also significantly increased in the kidney of DM mice, but not DM/Zn mice (Fig. 3D).

Further analysis of Akt changes in its various isoforms revealed that both Akt1 and Akt2 

phosphorylation was decreased in DM mice. Furthermore, Zn treatment can prevent both of 

these changes from occurring because of DM (Fig. 3E).

Therapeutic effects of Zn on the functional and pathogenic changes in the kidney of Akt2-
KO diabetic mice

Because Akt2 is considered a major player in energy metabolism, the following studies were 

done to define whether Zn’s renal protection from diabetes is Akt2-dependent using Akt2-

KO mice. Consistent with previous studies in which Akt2-KO mice spontaneously 

developed a type 2 diabetes-like phenotype [15,16,19], we also found that 2-month-old male 

Akt2-KO mice developed hyperglycemia (Akt2-KO mice, 253.5±41.7, p < 0.05, vs FVB 

mice, 98.5±5.9). These mice were randomly divided into two groups (n = 6), DM (Akt2-KO) 

and Zn-treated DM (Akt2-KO/Zn). Age-matched male FVB mice were also randomly 

divided into two groups (n = 6): Ctrl and Ctrl/Zn. Therapeutic effects of Zn, 5 mg Zn/kg 

administered every other day for 3 months, on diabetes-induced renal changes were 

evaluated by examining the urinary ACR (Fig. 4A), the ratio of kidney weight to body 

weight (Fig. 4B), and renal histology (Fig. 4C and 4D). ACR and kidney weight were 

significantly increased in DM mice, effects that were significantly attenuated by Zn 

treatment. H&E (Fig. 4C) and Sirius red (Fig. 4D) staining showed characteristic 

hypertrophy of glomerular structures, accumulation of extracellular matrix, and interstitial 

fibrosis in the kidney of DM mice, but not in DM/Zn mice. To further support Zn’s role in 

attenuating the renal fibrotic response, Western blot analysis (Fig. 4E) and 

immunohistochemical staining (Fig. 4F) also showed a significant increase in TGF-β1 and 

CTGF expression in the Akt2-KO group, but not in the Akt2-KO/Zn group.

As measurements of inflammatory and oxidative damage, renal expression of TNF-α, 

ICAM-1, and PAI-1, as well as renal accumulation of 4-HNE, examined by Western blot 

analysis (Fig. 5A) was significantly increased in the kidneys of Akt2-KO mice. These effects 

were significantly attenuated by Zn treatment. Furthermore, increased expression of TNF-α, 

PAI-1, and 4-HNE was found in both glomeruli and tubules via immunohistochemical 

staining (Fig. 5B).

Effects of Zn on Akt-mediated molecules related to metabolism and Akt negative 
regulators in the kidney of Akt2-KO diabetic mice

As in the OVE26 diabetic mice, we examined renal expression of MT among the groups. 

Both Western blot analysis and immunohistochemical staining showed that renal expression 
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of MT was decreased in Akt2-KO mice compared to control mice. Zn treatment increased 

renal MT expression in both control and diabetic mice (Fig. 6A).

Next we examined the expression and phosphorylation of Akt (1,2,3) by Western bot 

analysis. Total Akt expression was significantly decreased in Akt2-KO diabetic mice, which 

was not affected by Zn treatment (Fig. 6B). The Akt(1,2,3) phosphorylation was 

significantly decreased in the kidney of Akt2-KO diabetic mice compared to control mice, 

but Zn treatment stimulated Akt phosphorylation in both groups. The Western blot finding 

was confirmed by double-immunofluorescent staining (Fig. 6C).

In control mice, phosphorylation of Akt’s downstream targets, GSK-3β (Fig. 7A) and GS 

(Fig. 7B), was increased and decreased, respectively, by Zn treatment. Deletion of the Akt2 

gene significantly decreased GSK-3β phosphorylation and significantly increased GS 

phosphorylation (Fig. 7A and 7B), both of which could be completely prevented by Zn 

treatment.

The expression of HKII (Fig. 7C) and PGC-1α (Fig. 7D) was decreased in Akt2-KO DM 

mice. Zn treatment significantly increased the expression of HKII and PGC-1α in control 

mice and also completely reversed DM-induced reduction of these proteins in Akt2-KO 

mice. Fig. 7E shows renal expression of three Akt negative regulators, p-PTEN, PTP1B, and 

TRB3, all of which were significantly elevated in Akt2-KO diabetic mice, but not in Zn-

treated Akt2-KO mice.

MT is required for Zn to stimulate the phosphorylation of renal Akt and GSK-3β as well as 
downregulation of GS phosphorylation

The above studies have shown that Zn treatment significantly improved renal pathological 

changes in both OVE26 and Akt2-KO diabetic mice, indicating that the therapeutic effect 

was not dependent on Akt2, which was previously assumed to play a critical role in Zn-

induced Akt-mediated renal glucose metabolic pathways. In Akt2-KO mice, Zn treatment 

maintained GSK-3β phosphorylation and associated GS dephosphorylation and induced 

HKII expression, as observed in OVE26 mice. In contrast to MT expression in OVE26 mice, 

MT expression in Akt2-KO mice was decreased; the expression of MT remained inducible 

by Zn treatment. Thus, the next study was to define whether the stimulating effects of Zn 

treatment on renal Akt-mediated glucose metabolic signaling are dependent on MT 

expression. To address this issue, we used MT-KO mice under nondiabetic conditions in 

order to avoid diabetic confounding effects.

Two-month MT-KO mice, their age-matched control (129S1 strain) mice, and FVB strain 

mice (control for OVE26 and Akt2-KO mice) were given either Zn, at 5 mg/kg, or saline 

every other day for 1 month to examine the effects of Zn on renal MT expression, Akt and 

GSK phosphorylation, and HKII expression. As shown in Fig. 8A, Zn treatment 

significantly increased renal MT expression in both 129S1 and FVB mice, but not in MT-KO 

mice.

It was noticed that deletion of MT-I/II genes did not significantly affect basal Akt(1,2,3) 

phosphorylation (Fig. 8B) in MT-KO mice. Interestingly, Zn treatment significantly 
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increased Akt(1,2,3) phosphorylation in both 129S1 and FVB wild-type mice, but not in 

MT-KO mice (Fig. 8B). To further define the isoform of Akt phosphorylation that is MT 

dependent, Western blot analysis performed with specific Akt1 and Akt2 phosphorylation 

antibodies demonstrated that Zn treatment significantly increased both Akt1 and Akt2 

phosphorylation in 129S1 and FVB strain mice, but not in MT-KO mice (Fig. 8C and 8D). 

Concordantly, Zn treatment also stimulated GSK-3β phosphorylation and increased HKII 

expression in 129S1 and FVB mice, but not in MT-KO mice (Fig. 8E and 8F).

Discussion

This study has demonstrated the following novel findings: (1) Zn treatment can significantly 

improve diabetes-induced renal functional and pathological changes in OVE26 and Akt2-

KO diabetic models; (2) the therapeutic effect of Zn treatment on the diabetic kidney is 

associated with the stimulation of MT expression and Akt-mediated metabolic signaling; (3) 

preservation of Akt-mediated metabolic signaling by Zn treatment may be associated with 

Zn-mediated suppression of Akt negative regulators PTEN phosphorylation and PTP1B and 

TRB3 expression, under diabetic conditions; (4) deletion of the Akt2 gene had no effect on 

Zn’s ability to provide renal protection against diabetes-induced functional and pathologic 

changes; furthermore, deletion of the Akt2 gene had no effect on Zn-induced stimulation of 

Akt-mediated metabolic signaling; (5) however, Zn-induced stimulation of Akt-related 

metabolic signaling is MT dependent, at least under normal physiological conditions.

Zn plays an important role in maintaining the normal physiological function of many 

different organs, including the kidney [31–33]. For example, only moderate Zn deficiency 

caused a decrease in glomerular filtration rate, a decrease in NADPH diaphorase activity in 

glomeruli and tubular nephron segments, and a decrease in nitric oxide synthase activity in 

the renal medulla and cortex [31]. Zn-deficient rats showed a reduction in nephron number, 

decreased glomerular capillary area, a reduction in the total number of glomerular nuclei in 

cortical and juxtamedullary areas, and an increase in the number of apoptotic cells present in 

distal renal tubules, cortical collecting ducts, and glomeruli [31]. Diabetes-induced 

pathologic changes were much further advanced in the kidneys of Zn-deficient rats [34]. In 

contrast, Zn supplementation was able to protect the kidney from those same DM-induced 

changes [10,11] along with some other renal pathologies unrelated to DM [31]. Consistent 

with previous animal studies from our own [10] and other labs [11,12] as well as human data 

[8,9,35], we extend the earlier findings to show the therapeutic effects of Zn on diabetic 

kidneys in OVE26 type 1 and Akt2-KO type 2-like diabetic models.

Our first novel finding is that renal improvement by Zn treatment is associated with 

activation of Akt-mediated metabolic pathways. In our previous study [13], we found that 

Akt phosphorylation was increased in the early stage of diabetes, but significantly decreased 

in later stages, coinciding with renal pathological damage. This was consistent with an 

earlier study showing a significant decrease in renal Akt and GSK-3β phosphorylation in 

type 1 diabetic rats [36]. Here we demonstrated that decreased renal Akt phosphorylation 

along with diabetes induced pathological changes in the kidney, which were significantly 

attenuated by Zn treatment, such that Akt phosphorylation in both OVE26 and Akt-KO 

diabetic mouse models was almost completely preserved.
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Preservation of renal Akt phosphorylation by Zn treatment was associated with normal 

GSK-3β phosphorylation and HKII expression in both OVE26 and Akt2-KO diabetic mice. 

GSK-3β phosphorylation not only plays a critical role in renal glucose metabolism, but also 

has a preventive effect on pathogenic fibrosis of the kidney [37,38]. A study showed that 

high-glucose-treated glomerular mesangial cells exhibited elevated TGF-β1 expression, 

elevated fibronectin expression, and increased GSK-3β activation (reduced GSK-3β 
phosphorylation). Renal mesangial cells may therefore actively respond to high glucose by 

increasing TGF-β1 and fibronectin expression through GSK-3β-dependent profibrogenic 

signaling [39]. This suggests that suppression of GSK-3β activation with pharmacological 

GSK-3β inhibitors or genetic GSK-3β dominant negative mutations could prevent the 

aforementioned hyperglycemic-induced adverse effects on glomerular mesangial cells. 

Consistent with this finding, we and other researchers have demonstrated that inhibition of 

GSK-3β activity may also offer cardiac and pulmonary protection against pathogenic 

fibrosis of the heart and lungs, respectively [40,41].

HKII controls cell survival by promoting metabolism and/or inhibiting apoptosis. 

Involvement of HKII in renal glucose metabolism requires its attachment to the 

mitochondrial membrane, which is inhibited by activated GSK-3β [42]. Renal HKII activity 

was significantly reduced in diabetic animal models [43]. Resveratrol administration 

reversed renal pathological changes and produced associated improvement in renal HK 

activity [43]. Therefore, the present study also suggests that Zn’s improvement of renal 

function in diabetic conditions may also be associated with the preservation of normal HKII 

glucose metabolism due to GSK-3β inactivation by Zn treatment.

Another novel finding of this study is that Zn protection against diabetes-induced renal 

damage is independent of Akt2. This is an unexpected result because Akt2 has been shown 

to play an important role in insulin-stimulated glucose uptake and glycogen synthesis 

[15,16,19]. Animal studies also showed the renal pathological abnormalities in Akt2-KO 

mice [44,45]. A more recent study has defined the important role of Akt2 in protecting 

podocytes from damage induced by chronic kidney disease [46]. However, the following 

results from a recent study may provide some new clues to help us better understand our 

finding. Akt2 gene deletion does not affect basal or exercise-stimulated glucose uptake or 

intracellular glycogen content in the soleus muscle. Akt2 gene deletion does not result in 

alterations in basal Akt phosphorylation, basal and contraction-stimulated GSK-3β 
phosphorylation, GS phosphorylation, or GS activity [47]. These recent findings along with 

our current data suggest that under normal conditions Akt2 plays a critical role in glucose 

metabolism. However, in the absence of Akt2, other Akt isoforms such as Akt1 and/or Akt3 

may compensate for the absence of Akt2. These specific issues need to be further 

investigated.

In this study we demonstrated that Zn treatment prevents diabetic upregulation of the Akt 

negative mediators PTEN, PTP1B, and TRB3 in OVE26 and Akt2-KO diabetic models, but 

had no effect under normal conditions. Zn-induced prevention of the diabetic upregulation of 

PTEN and PTP1B is most likely due to Zn’s ability to negatively regulate them both [48–51] 

However, we do not have the answer as to why Zn supplementation had no effect on PTEN 

and PTP1B regulation under normal conditions. Although both are important Akt negative 
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mediators, Zn-induced Akt and GSK-3β activation is not always mediated by Zn inhibition 

of PTEN and PTPs [22,52]. Consistent with these findings, here Zn stimulated Akt and 

GSK-3β phosphorylation not only in diabetic conditions, but also in normal kidney tissue. 

This is not in parallel with the PTEN and PTP1B results, suggesting that Zn regulation of 

these metabolic molecules may be mediated by multiple mechanisms, not only via Akt 

negative regulators.

The last novel finding of this study is that MT is required for Zn treatment to be 

therapeutically effective in its renal protection. MT stimulates the phosphorylation of Akt 

and GSK-3β and increases HKII expression under normal conditions. We do not have an 

explanation for this unexpected result. We assume that without MT there is no Zn chaperone 

to store and release Zn to target molecules, which may be needed to stimulate 

phosphorylation of Akt and GSK-3β and promote expression of HKII. There is indirect 

evidence to support our idea, which shows that Akt phosphorylation is reduced in aged FVB 

mouse cardiac tissue, but not in aged MT-overexpressing transgenic mouse cardiac tissue 

[53]. This may be because 60-fold MT overexpression releases excess Zn under aged 

oxidative stress conditions, which provides the Zn resource for Akt phosphorylation.

In summary, this study shows that Zn stimulation of Akt-mediated renal glucose metabolism 

improves renal function in OVE26 and Akt2-KO diabetic models. We further showed that 

the preservation of Akt-mediated metabolic signaling by Zn was not dependent on Akt2, but 

was dependent on MT. The preservation of Akt-mediated metabolic signaling under diabetic 

conditions may be associated with Zn suppression of Akt negative regulators, PTEN 

phosphorylation, and PTP1B, as well as TRB3, which needs further investigation. 

Considering that diabetic patients are often Zn deficient owing to elevated urinary Zn 

excretion, decreased intestinal Zn absorption, and a restricted diet [3,54–56], this study 

suggests that regularly monitoring Zn levels in diabetic patients, as well as adequate Zn 

supplementation in patients whose Zn levels are low, would be very important in mitigating 

the development of diabetic nephropathy.
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Fig. 1. 
Therapeutic effects of Zn on general changes and renal function in OVE26 type 1 diabetes 

mouse model. Three-month-old male OVE26 mice and FVB control mice were given Zn (5 

mg/kg) or physiological saline every other day for 3 months. (A) Blood glucose, (B) urinary 

ACR, (C) plasma insulin concentration, (D) kidney size, and (E) kidney weight (KW) to 

body weight (BW) ratio were measured. Data are presented as the mean ± SD (n = 6). *p < 

0.05 vs control (Ctrl); #p < 0.05 vs corresponding DM group.
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Fig. 2. 
Therapeutic effects of Zn on renal remodeling, inflammation, and oxidative damage in 

OVE26 type 1 diabetes mice. Renal structural changes were examined with (A) H&E and 

(B) Sirius red staining. Renal expression of TGF-β1 and CTGF, as indices of profibrotic 

mediators, was examined by (C) Western blot and (D) immunohistochemical staining. Renal 

expression of TNF-α, ICAM-1, and PAI-1, as indices of inflammation, and 4-HNE, as an 

index of lipid oxidation, was also detected by (E) Western blot assay and (F) 

immunohistochemical staining. Data are presented as the mean ± SD (n = 6). *p < 0.05 vs 

control (Ctrl); #p < 0.05 vs DM group. Bar, 50 μm.
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Fig. 3. 
Effects of Zn on the expression of renal MT, Akt, and Akt’s downstream effectors and 

negative regulators in OVE26 type 1 diabetes mice. (A) Zn-induced renal MT expression 

was detected by Western blot assay and immunohistochemical staining. (B) Phosphorylation 

of Akt, GSK-3β, and GS, as well as (C) the expression of HKII and PGC-1α, was examined 

by Western blot assay. (D) The phosphorylation of PTEN and the expression of PTP1B and 

TRB3 along with (E) the phosphorylation of Akt1 and Akt2 were examined by Western 

blotting. Data are presented as the mean ± SD (n = 6). *p < 0.05 vs control (Ctrl); #p < 0.05 

vs DM. Bar, 50 μm; &p<0.05 vs the Zn supplementation (Zn).
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Fig. 4. 
Therapeutic effects of Zn on renal functional and pathological changes in Akt2-KO diabetic 

mice. Two-month-old male Akt2-KO mice and FVB control mice were given Zn (5 mg/kg) 

or physiological saline every other day for 3 months. (A) Urinary ACR and (B) kidney 

weight (KW) to body weight (BW) ratio were measured. Renal pathology was examined 

with (C) H&E and (D) Sirius red staining. Renal expression of TGF-β1 and CTGF was 

tested by (E) Western blot assay and (F) immunohistochemical staining. Data are presented 

as the mean ± SD (n = 6). *p < 0.05 vs control (Ctrl); #p < 0.05 vs Akt2-KO. Bar, 50 μm.

Sun et al. Page 18

Free Radic Biol Med. Author manuscript; available in PMC 2017 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Therapeutic effects of Zn on renal inflammation and oxidative damage in Akt2-KO diabetic 

mice. (A) Renal expression of ICAM-1 was detected by Western blot assay. Renal 

expression of TNF-α, PAI-1, and 4-HNE was detected by (A) Western blot assay and (B) 

immunohistochemical staining. Data are presented as the mean ± SD (n = 6). *p < 0.05 vs 

control (Ctrl); #p < 0.05 vs Akt2-KO. Bar, 50 μm.
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Fig. 6. 
Effects of Zn on renal MT expression and Akt expression and phosphorylation in Akt2-KO 

diabetic mice. (A) Renal MT expression was detected using Western blot assay and by 

immunohistochemical staining. Akt expression and phosphorylation was examined by (B) 

Western blot assay and (C) double-immunofluorescent staining. In (C), Akt is shown by 

green fluorescence with goat anti-rabbit IgG secondary antibody, phospho-Akt is shown by 

red fluorescence with Cy3-conjugated Affinipure donkey anti-rabbit IgG (H+L), and nuclei 

are shown by blue fluorescence with DAPI (original magnification ×200). Data are 

presented as the mean ± SD (n = 6). *p < 0.05 vs control (Ctrl); #p < 0.05 vs Akt2-KO. Bar, 

50 μm; &p<0.05 vs the Zn supplementation (Zn).
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Fig. 7. 
Effects of Zn on the expression of renal expression and phosphorylation of Akt downstream 

effectors and its negative regulators in Akt2-KO diabetic mice. Expression and 

phosphorylation of (A) GSK-3β and (B) GS, as well as expression of (C) HKII and (D) 

PGC-1α, were examined by Western blotting. Renal PTEN expression and phosphorylation, 

along with PTP1B and TRB3 expression, were measured by (E) Western blot. Data are 

presented as the mean ± SD (n = 6). *p < 0.05 vs control (Ctrl); #p < 0.05 vs Akt2-KO; 

&p<0.05 vs the Zn supplementation (Zn).

Sun et al. Page 21

Free Radic Biol Med. Author manuscript; available in PMC 2017 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
Effects of Zn on renal MT expression, Akt1 and Akt2 expression and phosphorylation, and 

HKII expression in MT-KO mice. Two-month-old male MT-KO (129S1 background) mice, 

129S1 control mice, and FVB mice were given Zn (5 mg/kg) or physiological saline every 

other day for 1 month. (A) MT expression was detected by Western blot with antibody 

against MT1/2 isoforms. Akt expression and phosphorylation were detected by Western blot 

with antibodies against (B) Akt(1,2,3), (C) Akt1, and (D) Akt2. (E) GSK-3β expression and 

phosphorylation, as well as (F) HKII expression, was detected by Western blot assay. Data 

are presented as the mean ± SD (n = 6). *p < 0.05 vs corresponding controls (129S1 or 

FVB); #p < 0.05 vs 129S1/Zn group.
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