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Abstract
Neuropathy is considered a critical complication of diabetes mellitus (DM). Scientific studies are needed to relieve these painful
complications. The current study aims to estimate the ameliorative role of Physalis juice (PJ) against neurological impairment in
streptozotocin (STZ)-induced diabetic rats. Type 1 DM was induced after one week of injecting rats with 55 mg STZ/kg body
weight. PJ-treated rats were orally administered 5 ml PJ/kg body weight per day for 28 days after induction of diabetes. A small
piece of the cerebral cortex of rats was fixed and used for histopathological investigations. The remaining portion of the cerebral
cortex was homogenized for biochemical and molecular analyses. As compared to the controls, STZ-injected rats showed
significant elevations in the levels of blood glucose, tumor necrosis factor alfa, interleukin-1β, malondialdehyde, nitric oxide,
and expression levels of caspase-3 and B-cell lymphoma-2 associated X-protein. Additionally, remarkable declines in the levels
of brain-derived neurotrophic factor, monoamines, B-cell lymphoma-2, glutathione, as well as the activities and gene expression
levels of superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase in STZ-treated rats were reported.
Moreover, some histopathological alterations were observed in the brain cortex of the STZ-treated rats. On the other hand, the
administration of PJ substantially reduced the blood glucose and alleviated the above-mentioned alterations in all the studied
parameters of the cerebral cortex. In conclusion, an oral administration of 5 ml PJ/kg revealed a neuroprotective action against
neurodegenerative diabetes-induced complications in rats, which might be due to the reported antioxidative and anti-
inflammatory actions of PJ. Thus, further therapeutic studies are recommended to apply PJ in the treatment regimen of diabetes.
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Introduction

Diabetes mellitus (DM) is considered as one of the most com-
mon leading causes of death (Kang et al. 2016). Globally, the
International Diabetes Federation expected that the number of

diabetic patients to be about 693 million by 2045 (Cho et al.
2018). In Egypt, among all the adults, the prevalence of dia-
betes is around 15.56% (Hegazi et al. 2015). The chief role of
insulin is to decrease blood glucose levels by facilitating cel-
lular glucose uptake. In diabetic patients, the body cannot
regulate the amount of blood glucose leading to hyperglyce-
mia due to increased insulin resistance or an insufficient insu-
lin secretion (Rorsman and Ashcroft 2018). Type 1 of DM
(T1DM) or insulin-dependent originates caused by insuffi-
cient secretion of insulin due to autoimmune destruction of
β-cell in the pancreas (Zhang et al. 2019). However, type 2
of DM (T2DM), or insulin-independent, results from insulin
resistance that is accompanied by a remarkable decline in the
secretion of insulin by pancreatic β-cell (Kang et al. 2016).

Complications of diabetes also are considered a crisis that
increases the rate of morbidity and mortality. Complications of
DM are of two types; microvascular and macrovascular.
Microvascular complications include neuropathy, nephropathy,
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and retinopathy (Huang et al. 2017). However, macrovascular
complications involve coronary artery disease (CAD), peripheral
arterial disease (PAD), and cerebrovascular disease (Vadivelu
and Vijayvergiya 2018). Generally, DM complications can be
due to the excessive production of free radical species following
glucose oxidation (Sivaraman et al. 2013).

Several anti-diabetic chemical drugs are nowon themarket, but
most of them neither prevent the complications of DM nor elim-
inate the disease. Furthermore, these chemical drugs mostly have
undesirable side effects. Nowadays, scientific research aims to
study the potential therapeutic and protective roles of natural prod-
ucts against various diseases and their complications. Physalis,
locally known as Harankash, is a tropical fruit that belongs to the
Solanaceae family (Dong et al. 2019). Recently, the antioxidative,
nutraceutical, and medicinal characteristics of Physalis fruits are
documented (El-Beltagi et al. 2019). To our knowledge, no scien-
tific research was designed to investigate the protective role of
physalis against the neurological complications of DM.
Accordingly, the present work aims to evaluate the potential pro-
tective role of Physalis pubescens L. plant extract against the neu-
ronal damage in male streptozotocin (STZ)-induced diabetic rats.

Materials and methods

Experimental model

Adult male Wistar rats, weighing 180–200 g, of 3 months old,
were purchased from the Holding Company for Biological
Products and Vaccines (VACSERA, Egypt). Rats were accli-
matized for one week in the animal house of the Zoology
Department, Faculty of Science, Cairo University. During ac-
climatization, rats were kept at a temperature of 22-25oC and
were exposed to a 12/12 h light-dark cycle. Rats had access to
ad libitum rodent chow and clean water.

Induction of diabetes

T1DM was induced in rats, after one week following a single
intraperitoneal injection with 55 mg STZ/kg body weight (Al-
Quraishy et al. 2015). STZ was diluted in a 0.05 M citrate
buffer (pH 4.5) and was freshly prepared immediately before
injection. Few blood drops were drained from the tail of STZ-
injected rats every three days, following STZ injection to test
the blood glucose levels using an Accu-check blood glucose
meter (Roche Diagnostics, Basel, Switzerland).

Physalis juice preparation and stability

The fresh fruits of Physalis pubescens L. (10 kg) were sepa-
rated from the outer calyxes and homogenized. The pulp was
filtered off. The clear yellow filtrate was immediately diluted

with distilled water in ratio 1:5 (V/V) to produce Physalis
juice (PJ). The resultant PJ was stored at a temperature of 4 °C.

Experimental design

Thirty rats were equally and randomly divided into five
groups (n = 6 rats per group), as shown in Table 1. The applied
doses of PJ and Met were according to Dewi and Sulchan
(2018) and Waisundara et al. (2008), respectively.

Sampling

Rats were suddenly decapitated at 24 h after the last treatment,
and the brain was removed. The obtained brains were used for
further histological, molecular, and biochemical studies.
Brains were rapidly excised from skulls, blotted, and chilled.
The brain tissue was rapidly wiped dry with filter paper.
Dissection was performed on an ice-cooled glass plate, and
then the cerebral cortex was extracted as described by
Onaolapo et al. (2019).

Preparation of brain homogenates

The extracted cerebral cortex was divided into two parts. The
first part was homogenized in ten volumes of the ice-cold
medium of 50 mM Tris–HCl (pH 7.4). The homogenate was
centrifuged at 1000 rpm for 10 min at 4ºC. The supernatant
was then separated and was stored at – 80ºC till the beginning
of biochemical measurements. In the tissue homogenates, the
protein level analysis was according to the method described
by Simeonova et al. (2019). For the determination of neuro-
transmitters, part of the cerebral cortex was homogenized in
75% aqueous HPLC grade methanol (10% w/v). The pro-
duced homogenate was spun at 4000 rpm for 10 min.

Biochemical parameters

Estimation of blood glucose levels

On the 28th day, few blood drops were collected by piercing
the tail to detect the glucose levels. The blood glucose levels
were analysed using an Accu-check blood glucose meter
(Roche Diagnostics, Basel, Switzerland).

Determination of tumour necrosis factor- alpha
and interleukin-1 beta levels

Quantitative estimation of interleukin-1 beta (IL-1β) and
tumor necrosis factor-alpha (TNF-α) levels in the
brain cortex were executed using enzyme-linked immu-
nosorbent assay (ELISA) kits specified for rats supplied
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by Novus Biologicals (Centennial, CO, USA) based on
the manufacturer’s protocols (Wang et al. 2019a, c).

Determination of nitric oxide level

Quantitative determination of nitric oxide (NO) concentra-
tions in the brain cortex was achieved by determination of
total nitrate (NO3) and nitrite (NO2) concentrations. Through
acid reduction method in an acidic medium with the presence
of nitrite. The formed nitrous acid diazotize sulphanilamide
and the product was coupled with N-(1-naphthyl)
ethylenediamine and the resultant was bright reddish-purple
azo dye which was measured at 540 nm (R&D Systems,
Minneapolis, USA) adopted by Green et al. (1982).

Quantification of brain‐derived neurotrophic factor

Quantitative estimation of brain-derived neurotrophic factor
(BDNF) was performed using ELISA kits (BDNF, Cat. no.
EM2IL1B, ThermoFisher Scientific) as described by Dalise
et al. (2017).

Determination of monoamines neurotransmitters
concentrations

The levels of monoamines (Norepinephrine, dopamine, and
serotonin “5-HT”) in the cerebral cortex were detected using
HPLC in the 1st half of the supernatant according to the meth-
od of Pagel et al. (2000).

Determination of apoptotic protein levels

Quantitative estimation of B-cell lymphoma 2 (Bcl-2) and
Bcl-2 associated X (Bax) levels were estimated through using
ELISA kits supplied by Life Span Bio Sciences, Inc., (Seattle,
WA, USA). The Bax and Bcl-2 protein levels were estimated

according to the methods described by Baty et al. (2020) and
Albasher et al. (2020), respectively.

Determination of lipid peroxidation

In an acidic medium, LPO was determined in terms of
malondialdehyde (MDA) formation in the brain cortex in all
experimental groups according to the method described by
Ohkawa et al. (1979). The resulted red pigment was extracted
with the n-butanol-pyridine mixture and estimated by the ab-
sorbance at 532nm.

Determination of antioxidants

The antioxidant levels in the cerebral cortex homogenate were
analyzed using Bio-diagnostics kits (Dokki, Giza, Egypt). The
glutathione (GSH) levels and the activities of superoxide dis-
mutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx) were estimated according to the techniques described
by Sayed et al. (2018). However, glutathione reductase (GR)
activity was analyzed using the method described by Abdel-
Ghaffar et al. (2018).

Quantitative real time polymerase chain reaction

Total RNA was extracted from the brain cortex by using tri-
azole, and then RNA was converted to complementary DNA
(cDNA) using cDNA Synthesis Kit (Bio-Rad, Belgium). For
gene expression analysis using quantitative real-time poly-
merase chain reaction (RT-PCR), cDNA of the oxidative
stress enzyme, and apoptotic markers (GPX1, GR, SOD2,
CAT, Bcl-2, Bax, and Cas 3) were utilized as a template.
QuantiFast SYBR Green RT-PCR kit (Qiagen, Hilden,
Germany) and the corresponding forward and reverse
primers were used. Primers were obtained from (Jena
Bioscience GmbH, Jena, Germany). All experiments were

Table 1 The summarized
experimental design of the
present study

Conditions Experimental groups

Control group (n=6) STZ-induced diabetic (n=18) PJ-treated

(n=6)
Treatment

No Met-treated PJ-treated

0.05 M Citrate buffer, pH 7.4 +++ +++ +++ +++ +++

PJ (ml/kg BW), EF, route --- --- --- 5, daily, oral

STZ (mg/kg BW), EF, route --- 55, once, IP injection ---

Met (mg/kg BW), EF, route --- --- 500, daily, oral --- ---

Experimental time Total 35 days (7 days for induction of diabetes+28 days for treatment)

BW: body weight, EF: exposure frequency, IP: intraperitoneal, Met: Metformin, PJ: Physalis juice and STZ:
streptozotocin
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carried out in triplicate using Applied Biosystems 7500
Instrument (Thermo Fisher Scientific, CA, USA).

Histological investigations

The cerebral cortex was fixed in 10% formalin for 24 h. Then,
alcohol was applied for dehydration. The fixed tissues were
cleared using xylene and then mounted in molten paraplast.
Tissues were cut by microtome into thin sections (4–5 μm).
Then, sections were stained by hematoxylin and eosin. Nikon
light microscope (Eclipse E200-LED, Tokyo, Japan) was uti-
lized to investigate the stained specimens.

Statistical analysis

Data statistical analyses were performed using the Statistical
Package for the Social Sciences (SPSS) version 23. According
to Kolmogorov-Smirnova and Shapiro-Wilk tests, data showed
normal distribution within each of the experimental groups.
Thus, one-way analysis of variance test was recommended to
study the effect of different treatments on the studied parameters.
Post-hoc multi-comparison Duncan’s test was applied to study
homogeneity in the studied variables among the experimental
groups. The changes between the means were considered statis-
tically significant when the value of p < 0.05. The data were
expressed as mean ± standard errors of the mean.

Results

Effect on the levels of blood glucose

The concentrations of blood glucose in all the experimen-
tal groups were estimated in Table 2. In the rats of all

STZ-induced diabetic groups either without any treatment
or after treatment with PJ or Met, the blood glucose levels
were significantly higher than those of the controls.
However, STZ + PJ-treated rats exhibited a significant de-
cline in the blood glucose levels, as compared to those of
the STZ-treated and STZ +Met-treated groups, towards
the control levels.

Effect on the levels of tumour necrosis factor- alpha
and interleukin-1 beta

In Table 2, the TNF-α and IL-1β levels in the brain cortex of
all rats were recorded. The TNF-α and IL-1β levels of the
STZ + PJ-treated group were remarkably higher than the con-
trol but substantially lower than STZ-treated group. As com-
pared to STZ +Met-treated group, the IL-1β level of STZ +
PJ rats was reduced markedly.

Effect on the levels of nitric oxide

The data of NO levels in the brain of all groups were estimated
(Table 2). In the rats of STZ + PJ-treated and STZ +Met-treat-
ed groups, the NO levels were remarkably higher than the
controls, whereas substantially lower than those of STZ-
treated group.

Effect on the levels of brain‐derived neurotrophic
factor

The BDNF levels in the cerebral cortex homogenate
were measured (Table 3). As compared to the control
group, the BDNF levels in the cerebral cortex of all the

Table 2 The levels of glucose in the blood as well as the levels of tumor
necrosis factor-α (TNF-α), interlukin-1β (IL-1β), and nitric oxide (NO)
in the cerebral cortex of of control rats and those orally administered
Physalis juice (PJ) alone as well as those of streptozotocin-induced

diabetic rats without treatment (STZ-treated) or after treatment with PJ
(STZ + PJ-treated) or metformin (STZ +Met-treated) groups, for 28 days
of treatment

Parameter Experimental groups Effect of treatment

Control PJ-treated STZ-treated STZ+PJ-treated STZ+Met-treated

Glucose (mg dL−1) 109.33±5.47 A 109.50±4.42 A 360.33±25.61D 177.50±7.86B 214.67±5.97 C F4, 25=66.42, P<0.000

TNF-α level (ρg mg−1 protein) 3.72±0.14 A 3.58±0.20 A 6.95±0.26 C 5.08±0.29B 5.77±0.35B F4, 25=30.57, P<0.000

IL-1β level (ρg mg−1 protein) 1.72±0.11 A 1.67±0.08 A 4.37±0.18D 3.05±0.08B 3.48±0.16 C F4, 25=83.45, P<0.000

NO level (µmol mg−1 protein) 36.50±1.57 A 36.50±1.17 A 66.60±2.29 C 49.18±2.25B 48.73±2.89B F4, 25=33.96, P<0.000

Data is expressed as mean ± standard error

According to one way ANOVA test, P < 0.000: represents significant effect. According to Duncan’s test, in the same row, means marked with the same
superscript letters are insignificantly different (P > 0.05), whereas those marked with different ones are significantly different (P < 0.05)
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experimental rats did not exhibit any significant changes
except for a marked decline in the STZ-treated group.

Effect on the levels of monoamine neurotransmitters

The levels of monoamine neurotransmitters (norepineph-
rine, serotonin, and dopamine) in the brain cortex of all
the experimental rats, were displayed in Table 3. As
compared to the controls, all the studied monoamine
levels in the brain cortex were markedly elevated in
the PJ-treated group, whereas were significantly reduced
in the rats administered STZ alone. As compared to the
STZ-treated group, the levels of all the studied mono-
amines in the cerebral cortex of STZ + PJ-treated and
STZ + Met-treated groups were markedly elevated to-
wards the control values.

Effect on Bcl-2 family of proteins and caspases

Gene expression levels of Bcl-2, Bax, and Cas-3, as
well as the concentrations of Bcl-2 and Bax in the brain
cortex of all rats, were reported in Table 4. In the rats
of the PJ-treated group, the mRNA expression level of
Bcl-2 was significantly upregulated as compared to the
control group. In the STZ-treated and STZ +Met-treated
groups, mRNA expression level and protein level of
Bcl-2 were remarkably lower than the corresponding
controls. As compared to STZ-treated group, the
mRNA expression level and protein level of Bcl-2 in
the cerebral cortex of STZ + PJ-treated group were
markedly elevated towards the normal values of con-
trols. On the other hand, the mRNA expression levels,
and the concentrations of Bax in the brain cortex of
STZ + PJ-treated and STZ +Met-treated groups, were re-
markably higher than the control, but substantially lower

Table 3 The levels of brain-derived neurotrophic factor (BDNF), nor-
epinephrine, serotonin, and dopamine in the cerebral cortex of control rats
and those orally administered Physalis juice (PJ) alone as well as those of

streptozotocin-induced diabetic rats without treatment (STZ-treated) or
after treatment with PJ (STZ + PJ-treated) or metformin (STZ +Met-
treated) groups, for 28 days of treatment

Parameter Experimental groups Effect of treatment

Control PJ-treated STZ-treated STZ+PJ-treated STZ+Met-treated

BDNF level (ρg mg−1 protein) 6.58±0.33BC 7.30±0.26 C 5.55±0.29 A 6.47±0.19B 5.97±0.21AB F4, 25=6.37, P<0.01

Dopamine (µg g−1 tissue) 1.23±0.04 C 1.32±0.03D 0.71±0.01 A 0.90±0.01B 0.94±0.01B F4, 25=131.12, P<0.000

Norepinephrine (µg g−1 tissue) 0.72±0.02 C 0.91±0.03D 0.50±0.02 A 0.63±0.02B 0.60±0.02B F4, 25=60.45, P<0.000

Serotonin (µg g−1 tissue) 0.60±0.02 C 0.81±0.02D 0.38±0.01 A 0.58±0.02 C 0.48±0.01B F4, 25=98.94, P<0.000

Data is expressed as mean ± standard error

According to one way ANOVA test, P < 0.01 and P < 0.000: represent significant effects. According to Duncan’s test, in the same row, means marked
with the same superscript letters are insignificantly different (P > 0.05), whereas those marked with different ones are significantly different (P < 0.05)

Table 4 The mRNA expression levels of B-cell lymphoma 2 (Bcl-2),
Bcl-2 associated X (Bax) and caspase-3 (Cas-3) as well as the concentra-
tions of Bcl-2 and Bax in the cerebral cortex of control rats and those
orally administered Physalis juice (PJ) alone as well as those of

streptozotocin-induced diabetic rats without treatment (STZ-treated) or
after treatment with PJ (STZ + PJ-treated) or metformin (STZ +Met-
treated) groups, for 28 days of treatment

Parameter Experimental groups Effect of treatment

Control PJ-treated STZ-treated STZ+PJ-treated STZ+Met-treated

Bcl-2 Concentration (ng mg−1 protein) 3.55±0.15BC 3.72±0.05 C 2.35±0.09 A 3.41±0.04B 2.60±0.14 A F4, 25=34.67, P<0.000

mRNA (fold change) 1.00±0.00 C 1.66±0.12D 0.61±0.02 A 0.82±0.02B 0.65±0.03AB F4, 25=50.09, P<0.000

Bax Concentration (ng mg−1 protein) 3.87±0.11 A 4.00±0.27 A 6.40±0.10 C 5.48±0.17B 5.52±0.22B F4, 25=34.94, P<0.000

mRNA (fold change) 1.00±0.00 A 1.05±0.08 A 4.63±0.12D 2.37±0.07B 3.55±0.11 C F4, 25=305.53, P<0.000

Cas-3 mRNA (fold change) 1.00±0.00 A 1.25±0.04 A 4.25±0.13D 2.65±0.06B 3.25±0.13 C F4, 25=222.02, P<0.000

Data is expressed as mean ± standard error

According to one way ANOVA test, P < 0.000: represents significant effect. According to Duncan’s test, in the same row, means marked with the same
superscript letters are insignificantly different (P > 0.05), whereas those marked with different ones are significantly different (P < 0.05)
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than those of STZ-treated group. In the brain cortex of
STZ + PJ-treated and STZ + Met-treated groups, the
mRNA expression levels of Cas-3 were markedly higher
than the control but were meaningfully lower than those
administered STZ alone.

Effect on the levels of lipid peroxidation and
endogenous antioxidants

The levels of MDA, GSH, and mRNA expression levels and
activities of SOD, CAT, GPx, and GR in the brain cortex of
rats were estimated (Table 5).

The MDA levels in the STZ + PJ and STZ +Met groups
were significantly lower than those of STZ-treated group but
were remarkably higher than the control rats. As compared to
the STZ-treated group, the GSH content and SOD, CAT, GPx,
and GR activities of STZ + PJ-treated group were significantly
elevated towards the control values.

In comparison to the controls, gene expression levels
of SOD, CAT, GPx, and GR in the cerebral cortex of
STZ-treated group were markedly downregulated. On
the other hand, the mRNA levels of all the studied
enzymatic antioxidants in the PJ-treated group were sig-
nificantly higher than the controls. As compared to
STZ-treated group, the gene expression levels of SOD,
CAT, GPx, and GR of STZ + PJ-treated group were re-
markably increased towards the control levels.

Effect on histological investigation

Histopathological examination of the cerebral cortex with
light microscopy of all the experimental rats was displayed
in Fig. 1. In rats of the control and PJ-treated group, the cere-
bral cortex showed regular histological architecture. In con-
trast, the brain tissue of STZ-treated group showed
degenerated nerve cells with deeply stained nuclei, several
apoptotic neurons, inflammatory cell infiltration in the cere-
bral cortex. Attractively, daily oral administration of PJ was
able to abolish most of the histopathological alterations in the
brain cortex of the STZ-induced diabetic rats.

Discussion

Before starting the experiments, hyperglycemia in all the
rats injected with STZ was manifested (blood glucose
levels > 200 mg/dl). After 28 days, rats of the STZ-
induced diabetic group with no treatment showed a sig-
nificant elevation in the blood glucose levels above
350 mg/dL. It is documented that intraperitoneal injection
of rats with a large dose of STZ (50–60 mg) can lead to
the destruction of β-cells in the pancreas causing a re-
duced secretion of insulin and subsequently induce
T1DM (Zhang et al. 2019). Structurally, STZ contains a
glucose moiety that enables its facilitated diffusion via
glucose transporter in the β-cell membranes (Bouafir

Table 5 The levels of malondialdehyde (MDA) glutathione (GSH) as
well as the activities and mRNA expression levels of superoxide dismut-
ase (SOD), catalase (CAT), glutathione peroxidase (GPx) and glutathione
reductase (GR) in the cerebral cortex of control rats and those orally

administered Physalis juice (PJ) alone as well as those of
streptozotocin-induced diabetic rats without treatment (STZ-treated) or
after treatment with PJ (STZ + PJ-treated) or metformin (STZ +Met-
treated) groups, for 28 days of treatment

Parameter Experimental groups Effect of treatment

Control PJ-treated STZ-treated STZ+PJ-treated STZ+Met-treated

MDA level (nmol mg−1 tissue) 3.00±0.23 A 2.70±0.32 A 4.82±0.12 C 3.82±0.14B 3.98±0.14B F4, 25=17.01, P<0.000

GSH level (mmol mg−1 protein) 0.43±0.01 C 0.46±0.01 C 0.28±0.01 A 0.34±0.02B 0.34±0.01B F4, 25=30.77, P<0.000

SOD Activity (U mg−1 protein) 1.09±0.03D 1.15±0.03D 0.80±0.02 A 1.01±0.03 C 0.93±0.01B F4, 25=31.63, P<0.000

mRNA (Fold change) 1.00±0.00D 2.02±0.07E 0.41±0.03 A 0.80±0.02 C 0.61±0.01B F4, 25=275.58, P<0.000

CAT Activity (U mg−1 protein) 0.63±0.04CD 0.66±0.02D 0.46±0.02 A 0.56±0.03BC 0.49±0.02AB F4, 25=20.29, P<0.000

mRNA (Fold change) 1.00±0.00 C 1.74±0.03D 0.58±0.02 A 0.78±0.02B 0.64±0.01 A F4, 25=214.21, P<0.000

GPx Activity (U mg−1 protein) 6.48±0.36 C 7.07±0.21D 4.51±0.21 A 5.41±0.27 C 4.58±0.18B F4, 25=10.78, P<0.000

mRNA (Fold change) 1.00±0.00D 2.05±0.08E 0.49±0.02 A 0.80±0.02 C 0.64±0.03B F4, 25=274.40, P<0.000

GR Activity (U mg−1 protein) 6.90±0.36 C 7.83±0.21 C 4.32±0.21 A 6.53±0.27B 5.32±0.18 A F4, 25=25.14, P<0.000

mRNA (Fold change) 1.00±0.00 C 1.81±0.11D 0.47±0.02 A 0.70±0.03B 0.60±0.02AB F4, 25=96.61, P<0.000

Data is expressed as mean ± standard error

According to one way ANOVA test, P < 0.000: represents significant effect. According to Duncan’s test, in the same row, means marked with the same
superscript letters are insignificantly different (P > 0.05), whereas those marked with different ones are significantly different (P < 0.05)
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et al. 2017). Similarly, Kim et al. (2017) reported that the
blood glucose levels of rats injected with 50 mg of STZ
significantly exceeded 300 mg/dL. They considered that
as a sign of diabetes induction.

On the other hand, the blood glucose levels of rats admin-
istered PJ after the induction of diabetes with STZ were mark-
edly reduced to less than 200 mg/dL, in the present data. It is
noteworthy that administering PJ caused a significant reduc-
tion in the blood glucose levels even, greater than the admin-
istration of Met. Physalis-induced hypoglycemia may be due
to the inhibition of α-glucosidase, which is involved in the
intestinal digestion of complex carbohydrates (Rey et al.
2015). Physalin, an active ingredient in physalis extract, can
cause inhibition of glucagon while enhancing the insulin se-
cretion from β-cells of the pancreas (Wang et al. 2018).

Another mechanism for explaining the STZ-induced dam-
age of β-cells can be due to its nitrosourea moiety that may
enhance the production of NO which acts as a highly reactive
free radical, leading to the destruction of the genetic material
(Mohamed et al. 2018). It is worth mentioning that STZ can
activate nitric acid synthases to enhance the production of NO,
leading to a substantial downregulation of SOD, CAT, and
GPx (Dinçel et al. 2018). These suggestions were ensured
by the elevated levels of NO and MDA associated with sig-
nificant declines in activities of SOD, CAT, GR, and GPx, as
well as the level of GSH, in the cerebral cortex of STZ-
induced diabetic rats. MDA is a byproduct of LPO that attacks
biomolecules causing β-pancreatic cell damage and subse-
quently altering glucose metabolism (Sivaraman et al. 2013).
Also, the excessively produced reactive oxygen species
(ROS) can downregulate the gene expression levels of these
endogenous antioxidants (Ali et al. 2021). This explanation

can be evidenced by the reduced mRNA expression levels of
SOD, CAT, GPx, and GR, in the present study.

On the other hand, the administration of PJ following STZ-
induction of diabetes caused remarkable elevations in the ac-
tivities of SOD, CAT, GPx, and GR, whereas a significant
decline in the levels of MDA in the cerebral cortex of rats in
the present study. These findings can be attributed to the ac-
tive ingredients of physalis extract like carotenoids, flavo-
noids, and vitamins, which can scavenge free radicals and
boost the synthesis of the endogenous antioxidants (El-
Beltagi et al. 2019). These outcomes were supported by the
recorded upregulations of gene expression levels of mRNA of
SOD, CAT, GPx, and GR of rats administered PJ following
STZ-induced diabetes. Additionally, Dong et al. (2019) iso-
lated five new Withanolides, naturally produced steroids,
from the Physalis peruviana. They reported that these isolated
Withanolides can act as NO inhibitors. This suggestion ex-
plains the reported depletion in the NO levels in the STZ +
PJ group.

The process of programmed cell death “apoptosis” is char-
acterized by some biochemical and morphological alterations
like blebbing of plasma membranes, loss of cell volume, chro-
matin condensation, and nuclear decay. Cas-3 is a critical
protein in the apoptotic signaling pathway that is encoded by
the Cas-3 gene. The activation of Cas-3 induces apoptosis
(Yin et al. 2016). Both Bax and Bcl-2 are proteins that belong
to the Bcl-2 family, which regulates apoptosis. Bax protein
acts as an apoptotic protein that initiates the cell apoptosis,
whereas Bcl-2 acts as an anti-apoptotic protein that inhibits
the apoptosis (He et al. 2018). In the present data, as compared
to the controls, a remarkable elevation in the Bax protein con-
centration, whereas a marked decline in Bcl-2 protein level, in

Fig. 1 Light microscope photography of cross sections in cerebral cortex
stained with hematoxylin & eosin from the control rats (a) and those
orally administered physalis-juice (PJ) alone (b), as well as those of
STZ-induced diabetic rats without treatment (c) or after treatment with

PJ (d) or metformin (e). White arrow indicates degenerated neurons. Blue
arrow indicates apoptotic neurons. Red arrow indicates inflammatory cell
infiltration
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STZ-injected rats were reported. These findings can be due to
the STZ-induced production of free radicals leading to signif-
icant alterations in the genes encoding for the apoptotic pro-
teins. This explanation was ensured by the reported alterations
in the expression levels of Bax, Bcl-2, and Cas-3 in the brain
cortex of STZ-injected rats, in the present data. Furthermore,
in the present study, apoptosis was ensured by the histopath-
ological investigation of the brain cortex. He et al. (2018)
reported similar findings in the levels of apoptotic proteins
in the brain hippocampus of STZ-induced diabetic rats.

On the other hand, administering PJ after induction of dia-
betes caused significant elevations in the protein and mRNA
expression levels of Bcl-2, whereas remarkable declines in
those of Bax and Cas-3, as compared to those of STZ-
injected rats. The reported PJ-induced changes may be due
to its scavenging power toward the excessively generated free
radicals involved in apoptosis (Çakir et al. 2014).

In the current work, the brain cortex of rats of STZ-treated
groups showed significant elevations in the TNFα and IL-1β,
as compared to the controls. TNF-α and IL-1β are two critical
cytokines that appear early during inflammation (Zhang et al.
2017). Saperstein et al. (2009) suggested that IL-1β can en-
hance the TNF-receptors expression leading to the modulation
of TNFα-mediated inflammatory responses. Similarly,
Samarghandian et al. (2017) reported that STZ caused an el-
evation in the serum levels of glucose, MDA, IL-6, and
TNF-α with a reduction in the GSH content. They suggested
that the increased levels of TNF-α can alter the phosphoryla-
tion of insulin receptors leading to downregulation of the in-
sulin signaling pathway. TNF-α can induce the lipolysis pro-
cess, resulting in the liberation of more free fatty acids avail-
able for lipid peroxidation (Samarghandian et al. 2017).

In contrast, after 28 days of treatment with PJ, the brain
cortex of STZ-induced diabetic rats showed significant de-
clines in the levels of TNFα, IL-1β, and NO towards the
control values, as compared to the STZ-injected rats. These
results may be due to Physalin E that targets the nuclear
factor-κappa Beta signaling pathway, leading to the inhibition
of inflammatory cytokines production (Yang et al. 2017).

In the STZ-induced diabetic groups, the levels of BDNF,
dopamine, norepinephrine, and serotonin were meaningfully
lower than the controls. BDNF, one of the growth factors of
the neurotrophin family that regulates neuronal survival and
proliferation in the brain (Martinowich and Lu 2008). The
reported reductions in the levels of BDNF can be linked to
the diabetes-associated alterations in the glucocorticoid level
(Prabhakar et al. 2015). It is noteworthy that BDNF is impli-
cated in regulating the brain serotonin levels (Martinowich
and Lu 2008). Down-regulation of monoamines in the brain
was considered one of the most accepted mechanisms for
diabetes-induced depression (Prabhakar et al. 2015). Insulin
secretion was implicated in regulating norepinephrine produc-
tion and secretion (Robertson et al. 2010). Accordingly, the

observed reduction in the levels of norepinephrine can be
attributed to STZ-induced hypoinsulinemia.

On the other hand, in the rats administered STZ + PJ, the
levels of BDNF and the studied monoamine neurotransmitters
were significantly higher than those of other STZ-injected
groups. Accordingly, PJ substantially reduced the diabetes-
associated neuropathy. It is documented thatPhysalis contains
flavonoids and endogenous benzodiazepines that have anal-
gesic effects on CNS (Giorgetti and Negri 2011). Flavonoids
can inhibit monoamine oxidases hampering the breakdown of
monoamines (Wang et al. 2019b). Similarly, Moneim et al.
(2014) reported significant elevations in the levels of seroto-
nin and dopamine in the brain of rats intoxicated with cadmi-
um after treatment with Physalis extract.

Conclusions

In summary, we can conclude that STZ-induced diabetes
caused remarkable alterations in the levels of all the studied
biochemical, oxidative stress biomarker, apoptotic proteins,
histopathology of the brain cortex of rats. On the other hand,
PJ administration substantially ameliorated all the above-
mentioned alterations in a way better than the applied tradi-
tional drugMetformin. The present study can pave the way for
further therapeutic studies using PJ to alleviate diabetes-
associated neurological implications.

Recommendations

Further neurobehavioral studies are recommended for
confirming the present results.
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