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Abstract
Aims/hypothesis—Recently, various transgenic and knockout mouse models have become
available for studying the pathogenesis of diabetic retinopathy. At the same time, diabetes-induced
retinal changes in the wild-type mice remain poorly characterised. The present study compared retinal
biochemical changes in rats and mice with similar (6-week) durations of streptozotocin-induced
diabetes.

Materials and methods—The experiments were performed on Wistar rats and C57Bl6/J mice.
Retinal glucose, sorbitol, fructose, lactate, pyruvate, glutamate, α-ketoglutarate and ammonia were
measured spectrofluorometrically by enzymatic methods. Vascular endothelial growth factor
(VEGF) protein was assessed by ELISA, and poly(ADP-ribosyl)ation by immunohistochemistry and
western blot analysis. Free mitochondrial and cytosolic NAD+/NADH ratios were calculated from
the glutamate and lactate dehydrogenase systems.

Results—Retinal glucose concentrations were similarly increased in diabetic rats and mice, vs
controls. Diabetic rats manifested ~26- and 5-fold accumulation of retinal sorbitol and fructose,
respectively, whereas elevation of both metabolites in diabetic mice was quite modest.
Correspondingly, diabetic rats had (1) increased retinal malondialdehyde plus 4-hydroxyalkenal
concentrations, (2) reduced superoxide dismutase (SOD), glutathione peroxidase, glutathione
reductase and glutathione transferase activities, (3) slightly increased poly(ADP-ribose)
immunoreactivity and poly(ADP-ribosyl)ated protein abundance, and (4) VEGF protein
overexpression. Diabetic mice lacked these changes. SOD activity was 21-fold higher in murine than
in rat retinas (the difference increased to 54-fold under diabetic conditions), whereas other
antioxidative enzyme activities were 3- to 10-fold lower. With the exception of catalase, the key
antioxidant defence enzyme activities were increased, rather than reduced, in diabetic mice. Diabetic
rats had decreased free mitochondrial and cytosolic NAD+/ NADH ratios, consistent with retinal
hypoxia, whereas both ratios remained in the normal range in diabetic mice.

Conclusions/interpretation—Mice with short-term streptozotocin-induced diabetes lack many
biochemical changes that are clearly manifest in the retina of streptozotocin-diabetic rats. This should
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be considered when selecting animal models for studying early retinal pathology associated with
diabetes.
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pathway of glucose metabolism; Streptozotocin diabetes; Vascular endothelial growth factor

Introduction
Diabetic retinopathy results from a complex interplay between multiple pathogenetic
processes, developing in both retinal vasculature and the neural retina [1]. The most important
pathogenetic mechanisms, such as increased aldose reductase (AR) activity, non-enzymatic
glycation, activation of protein kinase C, oxidative-nitrosative stress, and, recently, poly (ADP-
ribose) polymerase (PARP) activation, have been identified in experimental studies in diabetes
and diabetes-like models of early and advanced retinopathy in rats [2–11] and dogs [12,13].
The recent availability of transgenic mice provides a powerful tool for dissecting new
pathogenetic mechanisms and exploring interactions among those already established.
Furthermore, tissue-specific overexpression or knock-down of specific genes creates the
possibility of exploring the role of vascular and non-vascular mechanisms in the pathogenesis
of diabetic retinopathy.

Whereas the presence of such phenomena as sorbitol pathway hyperactivity [3,4,14], NAD+/
NADH redox imbalances [15,16], oxidative–nitrosative stress [6,17–19], vascular endothelial
growth factor (VEGF) overexpression [9,14,20,21], and, recently, PARP activation [11,19,
21], is well documented in the diabetic rat retina, the corresponding information in diabetic
mice is scarce and often based on single-source data [22]. The primary goal of this study was
to compare early biochemical changes in diabetic rats and mice with similar (6-week) durations
of streptozotocin (STZ)-induced diabetes. Note, that a biochemical approach identifies changes
in the whole retina composed primarily of non-vascular cells (vasculature: 1–1.5%, non-
vascular elements: 98.5–99%). Thus, the secondary goal of our experiments was to evaluate
the suitability of the STZ-mouse model for studying the contribution of specific biochemical
mechanisms (increased sorbitol pathway activity, oxidative stress, PARP activation, VEGF
overexpression, NAD+/NADH redox imbalances) to early retinal pathology associated with
diabetes.

Materials and methods
Animals and animal care

The experiments were performed in accordance with regulations specified by The Guiding
Principles in the Care and Use of Animals (DHEW Publication, NIH 80-23) and Pennington
Biomedical Research Center and University of Michigan Protocols for Animal Studies.

Barrier-sustained, Caesarean-delivered male Wistar rats, initial body weights 220 – 255 g, and
male C57Bl6/J mice, initial body weights 25 g (both obtained from Charles River, Wilmington,
MA, USA), were fed a standard rat and mouse chow and had free access to water. Diabetes
was induced by a single i.p. injection of STZ (50 mg/kg body weight to rats and 150 mg/kg to
mice). Blood samples for measurements of glucose were taken from the tail vein ~48 h after
STZ injection and the day before the animals were killed. Rats and mice with blood glucose
≥14 mmol/l were considered diabetic. The duration of the experiment was 6 weeks.
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Reagents
Unless otherwise stated, all chemicals were of reagent-grade quality, and were purchased from
Sigma Chemical, St Louis, MO, USA. Methanol (HPLC grade), perchloric acid, hydrochloric
acid and sodium hydroxide were obtained from Fisher Scientific, Pittsburgh, PA, USA. Ethyl
alcohol (200 proof dehydrated alcohol, USP punctilious) was purchased from McCormick
Distilling, Weston, MO, USA. β-D-Glucose, sorbitol NF, and D-fructose USP were purchased
from Pfanstiehl Laboratories, Waukegan, IL, USA. Kits for measurements of malondialdehyde
(MDA) and 4-hydroxy-alkenals (4-HA) and glutathione peroxidase activity were purchased
from Oxis International, Portland, OR, USA, kits for VEGF protein measurements and VEGF
protein standards from R&D Systems, Minneapolis, MN, USA, and bicinchoninic acid (BCA)
protein assay kits from Pierce, Rockford, IL, USA. Reagents for immunohistochemistry were
purchased from Vector Laboratories, Burlingame, CA, USA. Monoclonal anti-PARP antibody,
clone C-2-10, and monoclonal anti-poly(ADP-ribose) antibody were obtained from Biomol,
Plymouth Meeting, PA, USA.

Experimental procedures
Animals were sedated with carbon dioxide in a specially designed chamber [23] and
immediately killed by cervical dislocation. Both retinas were rapidly dissected and frozen in
liquid nitrogen. Three retinas from three rats and eight retinas from eight mice were pooled for
each VEGF protein measurement by ELISA. MDA plus 4-HA were assessed in individual rat
retinas, whereas four mouse retinas were pooled together for each such measurement. Other
metabolic parameters, i.e. glucose, sorbitol, fructose, lactate, pyruvate, glutamate, α-
ketoglutarate, ammonia and reduced glutathione (GSH), as well as superoxide dismutase
(SOD), catalase, glutathione peroxidase (GSHPx), glutathione reductase (GSSGRed) and
glutathione transferase (GSHTrans) activities were assessed in individual rat and mouse
retinas.

Individual measurements
Sorbitol pathway intermediates—These were measured in individual retinas
spectrofluoro-metrically by enzymatic procedures [24].

ELISA for VEGF—Material from three rat retinas or eight mouse retinas was homogenised
in 0.2 ml 50 mmol/l Tris buffer (pH 8.0) and centrifuged at 10,000 g for 10 min (Sorvall MC
12V). Aliquots (50 μl) of the supernatant were used for VEGF measurements. VEGF was
assayed by a sandwich ELISA with an affinity-purified polyclonal antibody specific for mouse
VEGF and mouse VEGF standard. VEGF concentrations were normalised to total protein.

MDA plus 4-HA—For measurement of MDA plus 4-HA, we used 200 μl of the retinal
homogenates obtained as above. The method is based on the reaction of a chromogenic reagent,
N-methyl-2-phenylindole, with MDA and 4-HA at 45°C, and is specific for free MDA and 4-
HA.

Antioxidative defence enzyme activities—The remaining retinal homogenate from
above was centrifuged at 4,000 g for 10 min. The supernatants were used for
spectrophotometric measurements of SOD, catalase, GSSGRed, GSHPx and GSHTrans
activities [14,17].

Metabolites of glycolysis and the tricarboxylic acid cycle and GSH—Following
deproteinisation with perchloric acid (1 ml 6% HClO4 per retina), the levels of lactate, pyruvate,
glutamate, α-ketoglutarate and ammonia, as well as GSH, were assayed in neutralised extracts
spectrofluorometrically as described previously [16,17].
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Protein—All concentrations are expressed in nanomoles per milligram protein. Protein levels
were quantified with Pierce BCA protein assay kits.

Poly(ADP-ribose) immunohistochemistry—All immunohistochemical samples were
coded and examined by a single investigator in a blinded fashion. Paraffin-embedded 5-μm-
thick longitudinal sections of the whole eye were deparaffinised in xylene and rehydrated in
decreasing concentrations of ethanol followed by a 5-min incubation in PBS. To detect poly
(ADP-ribose), a routine histochemical procedure was applied as previously described [19].

Western blot analyses of PARP-1 and poly(ADP-ribose)—To assess PARP-1 and
poly(ADP-ribosyl)ated proteins by western blot analysis, two pooled retinas from each rat or
mouse were placed in 200 μl of an extraction buffer containing 50 mmol/l Tris–HCl, pH 7.2;
150 mmol/l NaCl; 0.1% SDS; 1% NP-40; 5 mmol/l EDTA; 1 mmol/l EGTA; 1% sodium
deoxycholate; and the protease/phosphatase inhibitors leupeptin (10 μg/ml), aprotinin (20 μg/
ml), benzamidine (10 mmol/l), phenylmethylsulphonyl fluoride (1 mmol/l) and sodium
orthovanadate (1 mmol/l). The retinas were then homogenised on ice. The homogenate was
sonicated (3×5 s) and centrifuged at 14,000 g for 20 min. All the aforementioned steps were
performed at 4°C. The lysates (20 μg protein) were mixed with equal volumes of 2× sample-
loading buffer containing 62.5 mmol/l Tris–HCl, pH 6.8; 2% SDS; 5% β-mercaptoethanol;
10% glycerol and 0.025% bromophenol blue; they were then fractionated in 10% SDS-PAGE
in an electrophoresis cell (Mini-Protean III; Bio-Rad Laboratories, Richmond, CA, USA).
Electrophoresis was conducted at 15 mA constant current for stacking, and at 25 mA for protein
separation. Gel contents were electrotransferred (250 mA, 2 h) to nitrocellulose membranes
using a Mini Trans-Blot cell (Bio-Rad) and western transfer buffer (25 mmol/l Tris–HCl, pH
8.3; 192 mmol/l glycine; and 20% (v/v) methanol) [25]. Free binding sites were blocked in 2%
(w/v) BSA in 20 mmol/l Tris–HCl buffer, pH 7.5, containing 150 mmol/l NaCl and 0.05%
Tween 20, for 1 h, after which poly(ADP-ribose) antibody was applied for 2 h for detection of
poly (ADP-ribosyl)ated proteins. The horseradish-peroxidase-conjugated secondary antibody
was then applied for 1 h. After extensive washing, protein bands detected by the antibodies
were visualised with the BM Chemiluminescence Blotting Substrate (POD; Roche,
Indianapolis, IN, USA). Membranes were then stripped in the 62.5 mmol/l Tris–HCl, pH 6.7
buffer containing 2% SDS and 100 mmol/l β-mercaptoethanol, and reprobed with PARP-1
antibody as well as with β-actin antibody to confirm equal protein loading. The content of
PARP-1 and poly (ADP-ribosyl)ated proteins was quantified by densitometry (Quantity One
4.5.0 software; Bio-Rad).

Statistical analysis
The results are expressed as means±SEM. Individual comparisons between control and diabetic
rats or mice were made using the unpaired two-tailed Student’s t-test or Mann–Whitney rank-
sum test where appropriate. Significance was defined at p≤0.05.

Results
Body weights were lower in diabetic rats and mice with a 6-week duration of STZ diabetes
than in the corresponding control groups (Table 1). Blood glucose concentrations were
similarly increased in diabetic rats and mice compared with non-diabetic controls.

Retinal glucose, sorbitol and fructose concentrations were 5.8-, 26- and 4.7-fold higher in
diabetic rats than in controls (Table 2). Retinal glucose accumulation in diabetic mice amounted
to 5.3-fold, and was comparable with that in diabetic rats. However, the diabetes-associated
increase in retinal sorbitol (1.7-fold) and fructose (1.8-fold) concentrations in the mouse model
was quite modest compared with the rat model.
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Retinal MDA plus 4-HA concentration was increased 1.5-fold in diabetic rats compared with
controls (Table 3) whereas diabetic mice retained normal lipid peroxidation product levels.
GSH concentrations remained in the normal range in both animal groups. SOD, GSHPx,
GSHTrans and GSSGRed activities were decreased 1.9-, 1.8-, 2.2- and 1.8-fold, respectively,
in diabetic rats compared with controls, whereas catalase activity was slightly (1.3-fold) but
significantly (p<0.01) increased. A different pattern of antioxidant enzyme defence was
observed in the mouse model. In particular, SOD activity was 21-fold higher in murine than
in rat retina, whereas other antioxidative enzyme activities were instead 3- to 10-fold lower.
In diabetic conditions, the key antioxidative defence enzyme activities were increased rather
than reduced. In particular, GSHPx, GSHTrans and GSSGRed activities were increased 1.4-,
2- and 1.6-fold, respectively. SOD activity was increased 1.4-fold, which increased the
difference with the corresponding variable in the diabetic rat to 54-fold in favour of the mouse.
In contrast to the findings in the diabetic rat model, catalase activity was reduced (1.7-fold),
rather than increased.

PARP-1 protein abundance was similar in control and diabetic rats as well as in control and
diabetic mice (not shown). Poly(ADP-ribosyl)ated protein abundance (an index of PARP-1
activity) tended to increase in diabetic rats, although the difference from non-diabetic controls
did not achieve statistical significance (Fig. 1a,c). Poly(ADP-ribosyl)ated protein abundance
was similar in control and diabetic mice (Fig. 1b,d). The results of western blot analysis are
consistent with the immunohistochemistry findings. Scarce poly(ADP-ribose)
immunoreactivity (a sign of PARP activation) was present in the inner neuronal and ganglion
cell layers of diabetic rats (Fig. 2a) but not diabetic mice (Fig. 2b).

Retinal VEGF protein concentration was increased 1.8-fold in diabetic rats compared with the
control group (33±3 vs 18±2 pg/mg, p<0.01, mean±SEM, n=6–7). Retinal VEGF protein
concentrations in the diabetic mice were similar to those in non-diabetic controls (40±2 vs 42
±3 pg/mg, mean±SEM, n=7–9).

Retinal glutamate and α-ketoglutarate concentrations were reduced 1.6- and 1.9-fold in diabetic
rats (Table 4), whereas diabetic mice maintained normal concentrations of both metabolites.
Retinal ammonia concentrations were reduced 1.5-fold in diabetic rats, and 1.2-fold in diabetic
mice. Retinal pyruvate and lactate concentrations were reduced 1.8- and 1.4-fold in diabetic
rats, whereas both metabolite concentrations were preserved in the normal range in diabetic
mice.

Retinal free mitochondrial and cytosolic NAD+/NADH ratios were reduced 2- and 1.5-fold in
diabetic rats, whereas diabetic mice maintained a normal redox state of both free mitochondrial
and cytosolic NAD-couples.

Discussion
In our study, rats and mice with similar (6-week) duration of STZ diabetes had comparable
levels of hyperglycaemia and retinal glucose accumulation. Therefore, the observed
differences in diabetes-associated retinal metabolic abnormalities in the two animal models
cannot be attributed to the distinctions in systemic or retinal glucose concentrations.

A dramatic activation of the sorbitol pathway of glucose metabolism, manifest by 26- and 4.7-
fold accumulation of retinal sorbitol and fructose, was present in the diabetic rats. This is in
agreement with our previous studies and findings of other groups [3,4,14,16,19]. In contrast,
diabetes in mice caused a modest elevation of the retinal sorbitol pathway activity. Numerous
findings indicate that increased activity of the first enzyme of the sorbitol pathway, AR,
contributes to increased vascular permeability [26,27] and leucocyte adhesion to the
endothelial wall [28,29], accelerated pericyte and endothelial cell apoptosis [4,30] and
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formation of pericyte ghosts and acellular capillaries [2,4], as well as VEGF overexpression
[3,14,31] and neovascularisation [12,27] associated with diabetic and diabetes-like
retinopathy. Furthermore, increased AR activity is also involved in the accelerated apoptosis
of inner retinal neurons and increased expression of glial fibrillary acidic protein (GFAP) in
Muller glial cells [32]. All these phenomena, except neovascularisation, have been described
in diabetic rats, and have been found preventable by treatment with AR inhibitors [4,14,26,
28]. In contrast, diabetic mice with modest sorbitol pathway hyperactivity were protected from
neuronal apoptosis and changes in GFAP [32]. However, STZ-diabetic mice do develop
background diabetic retinopathy [33], which suggests that either the diabetes-induced increase
in AR activity is much more abundantly expressed in vascular than neural mouse retina or
increased AR activity is not necessarily required for development of this complication.

Diabetic rats have enhanced retinal oxidative stress manifest by accumulation of lipid
peroxidation products and reduced activities of the key antioxidative defence enzymes
including SOD, GSHPx, GSSGRed and GSHTrans. Oxidative stress is one of the key factors
in the pathogenesis of diabetic complications including diabetic retinopathy [1]. Like increased
AR activity, it has been implicated in increased vascular permeability, leucostasis, accelerated
retinal vascular cell apoptosis, formation of acellular capillaries and VEGF overexpression, as
well as basement membrane thickening [7,9,10,18,34,35]. Antioxidant treatment prevented or
alleviated leucocyte adhesion to endothelial cells [7], VEGF overexpression [9,36], increased
vascular permeability [36], retinal cell apoptosis [18], basement membrane thickening [35]
and formation of acellular capillaries [10,18] in the retina of diabetic rats. In our study, mice
with short-term STZ diabetes did not have evidence of enhanced retinal lipid peroxidation.
Normal lipid peroxidation product concentration was probably maintained due to diabetes-
associated upregulation of the key antioxidative defence enzymes, i.e. SOD, GSHPx,
GSSGRed and GSHTrans. Evidently, mouse retina successfully builds an antioxidant defence
under conditions of high glucose-induced free radical generation, whereas rat retina fails.
Considering that SOD activity is 21-fold higher in murine than in rat retina (the difference at
least doubles under diabetic conditions), whereas other antioxidative enzyme activities are 3-
to 10-fold lower, SOD, i.e. the ‘first line’ of antioxidative defence against the primary free
radical, superoxide, is likely to play a key role in counteracting retinal oxidative stress.
Interestingly (and in contrast with findings in rats), catalase activity was reduced in the retina
of diabetic mice. However, the decrease in catalase activity is comparable with the upregulation
of GSHPx, another H2O2-neutralising enzyme. The findings of normal MDA plus 4-HA
concentrations as well as the absence of PARP activation (see below) suggest efficient H2O2
neutralisation by the retina of STZ-diabetic mice with a 6-week duration of diabetes.

Growing evidence indicates that oxidative stress contributes to mitogen-activated protein
kinase and nuclear factor-κB activation, impaired calcium signalling, inflammation, and other
events recently implicated in diabetic complications and, in particular, diabetic retinopathy
[37–40]. One of the most important effectors of free radical and oxidant-induced DNA single-
strand breakage is activation of the nuclear enzyme, PARP [41]. Evidence for an important
role of PARP activation in diabetic retinopathy is emerging [11,21,42]. In our study, diabetic
rats, but not mice, displayed increased poly(ADP-ribose) immunoreactivities in the retinal
ganglion cell layer and inner neuronal layer. However, the number of poly(ADP-ribose)-
positive nuclei was small and, correspondingly, an increase in poly(ADP-ribosyl)ated protein
expression in western blot analysis was not statistically significant. No trend towards
accumulation of poly(ADP-ribosyl)ated proteins was identified in diabetic mice. Note that
recent reports suggest the presence of clearly manifest retinal PARP activation in both rats and
mice with longer duration of diabetes [11,27].

The role of NAD+/NADH redox imbalances in diabetic retinopathy has not been adequately
elucidated, although some studies [15,43] suggest that those play an important role in at least
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some diabetes-induced retinal changes, i.e. increase in vascular permeability. We have
previously reported that decrease in free NAD+/NADH ratios is preventable by an AR inhibitor
treatment [16], which counteracts diabetes-associated depletion of oxidised metabolites
(pyruvate, α-ketoglutarate) of free mitochondrial and cytosolic NAD-couples. In the present
study, diabetes-associated free mitochondrial and cytosolic NAD+/NADH redox changes were
clearly manifest in diabetic rats, but not in diabetic mice. The latter is consistent with modest
sorbitol pathway activation, and the absence of other metabolic changes in the STZ-mouse
model.

In conclusion, short-term STZ-diabetic rats have clearly manifest retinal sorbitol pathway
hyperactivity, oxidative stress, PARP activation and NAD+/NADH redox imbalances, and
therefore represent a good model for studying the role of these factors in neuroretinal apoptosis
and glial changes associated with diabetes. In contrast, mice with a similar duration of STZ
diabetes display a modest accumulation of sorbitol pathway intermediates, together with the
absence of retinal oxidative stress, PARP activation or NAD+/NADH redox imbalances. This
should be taken into account when selecting animal models for mechanistic studies of early
retinal pathology associated with diabetes.
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AR  

aldose reductase

GFAP  
glial fibrillary acidic protein

GSH  
reduced glutathione

GSHPx  
glutathione peroxidase

GSSGRed  
glutathione reductase

GSHTrans  
glutathione transferase

4-HA  
4-hydroxyalkenals

MDA  
malondialdehyde
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poly(ADP-ribose) polymerase

SOD  
superoxide dismutase
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streptozotocin

VEGF  
vascular endothelial growth factor
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Fig. 1.
a, b Representative western blot analyses of retinal poly(ADP-ribosyl)ated proteins in rats and
mice, respectively. Equal protein loading was confirmed with β-actin antibody. C Control
groups, D diabetic groups. c, d Total poly(ADP-ribosyl)ated protein content in retinas of rats
(c) and mice (d). Data are means±SEM, n=5. Total poly(ADP-ribosyl)ated protein content in
control rats is taken as 100%

Obrosova et al. Page 11

Diabetologia. Author manuscript; available in PMC 2008 February 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Representative microphotographs of poly(ADP-ribose) immunostaining (arrows) in control
and diabetic rats (a) and mice (b) (n=6 per group). Magnification ×400
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Table 1
Final body weights and blood glucose concentrations in experimental rats and mice

Group Body weight (g) Blood glucose (mmol/l)

Rat
 Control 467±8 4.23±0.13
 Diabetic 397±22** 20.1±1.47**
Mouse
 Control 31.1±0.3 5.33±0.23
 Diabetic 23.8±0.6** 22.4±0.80**

Values are means±SEM, n=20–32

**
p<0.01 for difference from controls
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Table 2
Retinal sorbitol pathway intermediate concentrations (nmol/mg protein) in experimental rats and mice

Group Glucose Sorbitol Fructose

Rat
 Control 15.6±2.3 1.02±0.18 8.92±0.2
 Diabetic 90.4±6.6** 26.6±4.6** 42.2±2.9**
Mouse
 Control 9.7±0.9 1.19±0.20 7.36±0.35
 Diabetic 51.8±2.9** 1.99±0.30* 13.6±1.12**

Values are mean±SEM, n=6–8

*
p<0.05,

**
p<0.01 for difference from controls
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Table 3
Retinal lipid peroxidation product (MDA+4−HA) and GSH concentrations (nmol/mg protein), and antioxidative
defence enzyme activities (nmol substrate·mg protein−1·min−1) in experimental mice and rats

Variable Control Diabetic

Rat
 MDA+4−HA 2.5±0.16 3.7±0.3**
 GSH 15±2 15±1
 SOD 3.5±0.5 1.9±0.27*
 Catalase 69±4 88±3**
 GSSGRed 10±1 5.3±0.6**
 GSHPx 39±6 2±4*
 GSHTrans 182±31 84±13*
Mouse
 MDA+4−HA 0.811±0.2 0.815±0.34
 GSH 18±2 21±2
 SOD 74±7 102±10*
 Catalase 3.4±0.7 2.0±0.28*
 GSSGRed 5.5±0.7 9.2±0.8**
 GSHPx 4.2±0.3 5.9±0.5*
 GSHTrans 12±2 24±3**

Values are means±SEM, n=5–10

*
p<0.05,

**
p<0.01 for difference from controls
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Table 4
Steady-state metabolite concentrations of the lactate dehydrogenase and glutamate dehydrogenase systems
(nmol/mg protein) and free mitochondrial and cytosolic NAD+/NADH ratios in experimental mice and rats

Variable Control Diabetic

Rat
 Pyruvate 4.0±0.4 2.2±0.24**
 Lactate 79±3 55±5**
 Glutamate 49±3 30±2**
 α-Ketoglutarate 7.2±0.3 3.8±0.3**
 Ammonia 8.5±0.8 5.5±0.7**
 Free NAD+/NADHmitochondrial 34±2 17±3**
 Free NAD+/NADHcytosolic 466±56 308±22*
Mouse
 Pyruvate 1.91±0.097 1.72±0.152*
 Lactate 46±3 47±3
 Glutamate 12±1 14±1
 α-Ketoglutarate 0.948±0.059 1.09±0.09
 Ammonia 6.7±0.3 5.7±0.14**
 Free NAD+/NADHmitochondrial 14±2 12±1
 Free NAD+/NADHcytosolic 378±21 327±23

Valules are means±SEM, n=8–10

*
p<0.05,

**
p<0.01 for difference from controls
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