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Abstract: Intermittent fasting was previously reported to exert beneficial effects in sand rats, an animal model of diabetes.
The present report complements recent comparable findings recorded in streptozotocin-induced diabetic rats (STZ rats).
Intermittent fasting minimized the increase in pancreatic, hepatic and renal weight otherwise observed in the STZ rats.
The glycogen content of the liver was higher in the STZ rats than in the control animals. It was positively correlated, at
the individual level, with the hepatic glucose content. Significant positive correlations also prevailed between the plasma
glucose concentration at sacrifice, which was lower in intermittently fasting or calorie-restricted STZ rats than in non-
fasting STZ rats, and either the liver glucose content or liver total carbohydrate content. The kidney PCNA (proliferating
cell nuclear antigen) index, as well as the plasma creatinine and urea concentrations, were also lower in intermittently fast-
ing or calorie-restricted STZ rats than in non-fasting diabetic animals. These findings reinforce the view that intermittent
fasting may exert a favourable effect, in terms of glucose homeostasis and the undesirable consequences of its perturba-

tion, in diabetic animals.
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INTRODUCTION

In a previous report from our group, attention was drawn
to the beneficial effects of intermittent fasting on glucose
tolerance, insulin sensitivity, individual B-cell and islet area
and percentage of apoptotic B-cells in the pancreas of strep-
tozotocin-induced diabetic rats exposed for 30 days to inter-
mittent fasting from 5 p.m. to 8 a.m. [1]. The present report
provides complementary information on pancreatic, liver and
kidney weight, liver histology and glycogen content, kidney
PCNA (proliferating cell nuclear antigen) index, and plasma
creatinine and urea concentrations, in both control and STZ
rats either given for 30 days before sacrifice free access to
food, deprived daily of food from 5 p.m. to 8§ am., or given
access from 5 p.m. onwards to an amount of food compara-
ble to that ingested by the intermittently fasting animals.

MATERIALS AND METHODS

The experimental design and animals used in the present
study were the same as those described in detail in a recent
publication [1]. Briefly, 8-10 weeks after birth, female Wis-
tar rats were injected intraperitoneally, after overnight star-
vation, with streptozotocin (STZ, 65 mg/kg body wt.) or its
citrate buffer vehicle (control rats). Twenty days later and for
the ensuing 30 days, the control and STZ rats were either
given free access to food (NF: non-fasting), deprived of food
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from 5 p.m. to 8 a.m. (IF: intermittently fasting) or given
access from 5 p.m. onwards to an amount of food compara-
ble to that ingested by the IF rats (CR: calorie-restricted
rats).

For the histological study of the liver, hepatic samples
were fixed in a 10% (w/v) formaldehyde solution and em-
bedded in paraffin. Sections (5 pm) were deparaffined and
rehydrated for periodic acid Schiff (PAS) staining. The liver
slides were examined under light microscopy.

The glycogen content of the liver was measured by the o-
amyloglucosidase procedure. After extraction of the hepatic
samples [2], aliquots parts (0.5 ml) of the extracts were incu-
bated for 60 min at 55°C after mixing with 1.2 ml of an ace-
tate buffer (0.05M, pH 5.0) and, when required, 0.3 ml of a
solution of a-amyloglucosidase prepared in the same acetate
buffer. The samples were than heated for 10 min at 70°C,
centrifuged for 2 min at 1,000 g, and eventually examined
for their D-glucose content. Standard amounts of glycogen
(125, 250 and 500 ng per sample) were treated in the same
manner.

For the histological study of the kidney, the renal sec-
tions were stained with Schiff periodic acid.

For measuring the kidney PCNA index, kidney sections
(4 um) were deparaffinized with xylene, incubated in iso-
propanol for 5 min and then in methanol containing 3%
H,0, for 30 min. This was followed by rinses with PBS and
an incubation in 5% normal goat serum (Abcam ab7481;
Cambridge, UK) in PBS for 1 h. Incubation with the primary
antibodies rabbit polyclonal anti PCNA (Abcam ab2426;
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Cambridge, UK) was performed overnight at 4°C. Control
sections were incubated with normal goat serum instead of
the primary antibody. Detection of tubular PCNA" cells was
performed with an avidin-biotin based peroxydase detection
kit (Vector, PK 6101, Peterborough, UK) using 3,3’-
diaminobenzidine as the chromogen. The PCNA expression
defined as nuclear staining was counted in 20 fields by two
independent observers blinded to the treatment using light
microscopy at a magnification of 400x and expressed as an
average of PCNA" cells per field. The PCNA index repre-
sents the number of PCNA positive cells relative to the total
number of cells. Such a total number of cells averaged 200 +
4 (n=197), with extreme values of 101 and 395.

At sacrifice, Jaffe-based creatinine measurements [3]
were made in COBAS Cl111 automated Analyzer (Roche
Diagnostics, Indianapolis, IN, USA). Urea was measured
with urease and glutamate dehydrogenase methods [4] using
the COBAS C111 automated Analyzer. The reagents of the
kinetic Jaffe reaction and urea measurements were provided
by the same manufacturers.

All results are presented as mean values (+ SEM) to-
gether with the number of individual observations (n). The
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statistical significance of differences between mean values
was assessed by use of Student’s t-test.

RESULTS
Organ Weight

Table 1 provides information on the wet weight of the
pancreas, liver and both right and left kidney in the six
groups of rats considered in the present study. Expressed
relative to body weight, the pancreatic gland weight was
higher (p < 0.005) in the STZ rats than in the control ani-
mals. In both control and STZ rats, the pancreatic weight,
expressed relative to the mean value found in NF animals,
was lower in IF rats than in CR rats, such a difference
achieving statistical significance for both the absolute values
(g) of pancreatic weight (86.2 + 3.4%; n = 6 in IF rats versus
113.6 + 8.3%; n = 7 in CR rats; p < 0.02) and their relative
value (% of body wt.) of pancreatic weight (90.2 £ 6.0% in
IF rats versus 112.7 + 7.6%; n =7 in CR rats; p < 0.05).

Whether expressed in absolute values (g) or relative to
body weight, the mean liver wet weight was higher (p <
0.001) in STZ rats than in control animals, whilst no signifi-

Table 1. Wet Weight of Pancreas, Kidneys and Liver

Rats NF IF CR
Pancreas
Control 0.68+0.11 (4)°" 0.58 £0.05 (3) 0.83+£0.09 (4)
[0.27 £0.05]° [0.26 +0.03] [0.33 +£0.03]
STZ 0.85+0.01(2) 0.74+0.01 (3) 0.87 +£0.04 (3)
[0.44 £0.02] [0.37 £0.02] [0.44 +0.02]
Right kidney
Control 0.98 +£0.07 (5) 0.90 +0.03 (5) 0.89 +0.03 (6)
[0.38 £0.02] [0.40 +0.02] [0.36 £0.01]
STZ 1.44+0.16 (6) 1.16 £ 0.03 (6) 1.19+0.08 (6)
[0.75 +£0.03] [0.58 +0.02] [0.58 +0.03]
Left kidney
Control 0.95+0.06 (5) 0.89+0.03 (5) 0.87 +0.02 (6)
[0.38 £0.02] [0.39+£0.01] [0.35+0.01]
STZ 1.34+0.12 (5) 1.15+0.03 (6) 1.17 £ 0.06 (6)
[0.70 £ 0.07] [0.58 £0.01] [0.58 +0.03]
Liver
Control 7.60 £ 0.08 (5) 7.22£0.56 (5) 7.42£0.28 (6)
[3.01+£0.10] [3.16 £0.25] [3.04 +£0.10]
STZ 10.11 +£0.28 (5) 9.23+0.32 (6) 9.49 +0.49 (6)
[5.26 £0.17] [4.62£0.16] [4.67 £0.16]

“Expressed as g
"Expressed as percent of body wt.
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cant difference was observed between the NF, IF and CR
rats, whether in control or STZ animals.

Likewise, whether expressed in absolute terms (g) or
relative to body weight, the mean kidney wet weight was
higher (p <0.001) in STZ rats than in control animals and, in
the former STZ rats, higher in the NF animals than in the IF
and CR animals (p < 0.005 or less).

Liver Histology and Glycogen Content

The liver slides prepared from STZ rats apparently dis-
played more intense PAS staining than those obtained from
control animals, suggesting glycogen accumulation in the
former rats (Fig. 1). The liver glycogen content (expressed as
pg per mg liver wet weight) was indeed higher in the STZ
rats (13.28 + 2.08; n = 17) than in the control animals (7.30 +
2.08; n = 17), the mean results recorded in the latter control
rats representing no more than 47.8 + 14.3% (n = 16; p <
0.02) of the mean corresponding values found in the STZ
rats (100.0 £ 13.9%; n = 17) exposed to the same feeding
schedule (NF, IF or CR).

Kidney Histology and PCNA Index

As illustrated in (Fig. 2), the kidney of NF STZ rats re-
vealed, by optical histology of slices stained with Schiff pe-
riodic acid, the presence of Armanni-Ebstein cells with posi-
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tive grains in the cytoplasmic periphery mainly located in
proximal tubules. In the vicinity of these cells, the presence
of dilated and atrophic tubules was also noticed (Fig. 2
panel A2). Such findings were less pronounced in the other
diabetic animals, especially in the IF STZ rats.

Pooling together all available data, the PCNA index was,
as expected, significantly higher (p < 0.001) in the STZ rats
(1923 + 13.6 10" n = 106) than in the control animals
(1343 £ 9.3 10* n = 91) (Fig. 3). It was unexpectedly
higher in three IF control animals than in either four NF con-
trol rats p < 0.02) or three CR control rats (p < 0.001). It was
lower (p < 0.04) in the IF and CR STZ rats (171.7 £ 12.3 10
*.n=70) than in the NF STZ rats (232.3 £31.6 10™; n = 36).

Plasma Creatinine and Urea Concentration

The plasma concentration of creatinine did not differ sig-
nificantly (p > 0.19 or more) in the 3 groups of control rats
(Table 2), with an overall mean value of 1.71 + 0.16 mg/dl (n
= 12). It was about twice higher (p < 0.003) in the NF STZ
rats (3.43 + 0.63 mg/dl; n = 4). The measurements collected
in the IF and CR STZ rats, when expressed relative to the
mean value found in control animals exposed to the same
feeding schedule (IF or CR) averaged 135.5 + 15.2% (df =
12), as distinct (p < 0.06) from 246.4 + 71.7% (df = 6) in the
NF animals.

SR 'J:F’ L“F:ﬁ

Fig. (1). PAS stained liver histological slides obtained from non-fasting (A), intermittently fasting (B) and calorie-restricted (C) control (1)

or STZ (2) rats (magnification x200).
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Fig. (2). Schiff periodic acid kidney histological slides obtained from non-fasting (A), intermittently fasting (B) and calorie-restricted (C)
control (1) or STZ (2) rats (magnification x 200).
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Fig. (3). Immunohistochemical expression of proliferative cellular antigen (PCNA) in the renal cortical sections from rats. PCNA positive
cells show dark brown nuclei. In STZ rats (d-f), expression of PCNA was enhanced as compared to control (a-c). Magnification: x 400.
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A comparable situation prevailed in the case of the
plasma concentration of urea (Table 2). Indeed the latter
concentration did not differ significantly (p > 0.10 or more)
in the 3 groups of control rats, with an overall mean value of
38.8 + 5.4 mg/dl (n = 12). The plasma concentration of urea
was about thrice higher (p < 0.001) in the NF STZ rats
(118.3 £ 30.3 mg/dl; n = 4). The measurements collected in
the IF and CR STZ rats, when expressed relative to the mean
value found in control animals exposed to the same feeding
schedule (IF or CR) averaged 163.7 + 35.8% (df = 12), as
compared (p < 0.02) to 404.3 £ 112.0% (df = 6) in the NF
animals.

Even the absolute values for plasma creatinine and urea
concentration recorded in the IF and CR STZ rats repre-
sented no more than 67.0 £ 5.1% (n = 16; p < 0.02) of the
mean corresponding absolute values found for the same non-
proteic nitrogen-containing metabolite in the NF STZ rats
(100.0 £ 14.6%; n = 8).

Table 2. Plasma Creatinine and Urea Concentrations
Rats Creatinine (mg/dl) Urea (mg/dl)
NF control 139+031 (4) 293 +3.1 (4)
NF STZ 3.43+0.63 (4) 118.3+£30.3 (4)
IF control 1.78 £0.24 (4) 420+£58(4)
IF STZ 248 +0.26 (4) 73.0 £7.6 (4)
CR control 1.98 +0.24 (4) 453+ 1.5(4)
CR STZ 2.60 +0.24 (4) 70.0 +20.2 (4)
DISCUSSION

The present study affords several new pieces of informa-
tion concerning the effects of intermittent fasting or calorie
restriction in the diabetic syndrome of STZ-induced diabetic
rats.

First, in the STZ rats, which displayed higher pancreatic,
hepatic and renal weight, expressed relative to body weight,
the values recorded for the pancreas and kidney weight were
lower either in IF than in NF or CR rats (pancreas) or in IF
and CR than NF rats (kidney).

Second, as expected from recent findings recorded in ei-
ther diabetic rats [S] or type 1 diabetic subjects [6, 7], the
glycogen content of the liver was higher in the STZ rats than
in the control animals. Such a glycogen accumulation, coin-
ciding with severe hyperglycemia, was recently referred to as
a glycogenic hepatopathy [6]. The proposed link between
hyperglycemia and liver glycogen accumulation is supported
by the finding, in this study, of a significant positive correla-
tion (r = + 0.4039; n = 33; p < 0.03) between the individual
values for plasma glucose concentrations at sacrifice and
liver total carbohydrate content. The incipient process of
necrosis found in the NF STZ rats may conceivably reflect
the oxidative stress attributable to hyperglycemia in these
diabetic animals.
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Hyperglycemia may lead to nephropathy. The first reper-
cussion of chronic hyperglycemia consists in a rapid attack
of the structural and functional integrity of kidney glomeru-
lar mesangium cells, which normally insure the efficiency of
glomerular filtration [8]. Thus, in the first step preceding
glomerulosclerosis, these mesangial cells undergo transient
moderate hyperplasia, followed by progressive hypertrophy,
as observed by Young ef al. [9] in the STZ diabetic model.
Likewise, in (Fig. 3), the PCNA positive cells are located
mainly in the tubule-intersticial space, in fair agreement with
a prior study [10]. Renal hypertrophy was also observed
shortly after the injection of STZ by Chen et al. [11]. Ac-
cording to Kobayashi and Venkatachalam [12], a 2- to 3-fold
increase in plasma creatinine concentration prevails in dia-
betic rats. In the present study, such an increase was accom-
panied by an increase in the plasma urea concentrations.
These findings extend to functional variables the morpho-
logical alterations found in the STZ rats. The presence of
Armanni-Ebstein cells in renal slides represents a typical
phenotypic feature of the diabetic kidney [13]. In the present
study, both the histological and functional perturbations
found in NF STZ rats were, as a rule, less pronounced in IF
and CR STZ rats, in fair agreement with a prior observation
[14].

The hierarchy between the mean values for the kidney
PCNA index in the three groups of STZ rats considered in
the present study is also compatible with a beneficial effect
of intermittent fasting and/or calorie restriction on renal
function. In this respect, a significant negative correlation (r
=-0.8497; n = 6; p < 0.04) was observed between the mean
values for the kidney PCNA index (Table 3) and the corre-
sponding mean absolute values for the total B-cell mass
(Table 5 in reference [1]) in the six groups of rats under con-
sideration in this study.

Table3. Kidney Histology and PCNA Index
Rats NF IF CR
Control | 1232+ 13.1 (26)* | 186.9+21.6(28) | 102.3+10.1 (36)
STZ | 2323+31.6(36) | 178.6=16.6(32) | 1659+ 18.0 (38)

“Expressed as 10

In conclusion, therefore, the present findings reinforce
the view that intermittent fasting, in such animal models of
diabetes mellitus as sand rats [15-17] or STZ rats [1], may
exert a favourable effect in terms of glucose homeostasis and
the metabolic and functional undesirable consequences of its
perturbation.
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