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Abstract

Background: The awareness in the consumption of plant-based food has gained attention in the recent years.
Phytochemicals are thought to play a critical role in health promotion and in the prevention and management of
chronic diseases. These compounds have reported to produce little or no side effects and are thus significantly used
in treating various ailments. p-Pinitol is the chief active compound found in soy and soy products. Several studies have
shown the health benefits of p-pinitol such as antioxidant, anti-diabetic, anti-inflammatory and anticancer properties.
In this review, an attempt has been made to review the effects of p-pinitol against diabetes mellitus in pre-clinical and
clinical studies.

Methodology: Journal articles were sourced and filtered with relevant keywords on “p-pinitol and diabetes mellitus"”

from September 2021 to February 2022.

mia and prevented insulin resistance.

clinical trials.

Keywords: p-Pinitol, Antioxidant, Glucose, Insulin, HbA1C

Scientific databases, including PubMed, NCBI, Google Scholar, Science Direct, SciFinder and Web of Science, were
accessed to identify the most relevant articles on the effect of p-pinitol in diabetes mellitus. The study duration was

Results: This comprehensive review demonstrates the application of p-pinitol against diabetes mellitus. Most of the
animal and clinical studies included in this review reported that p-pinitol treatment effectively requlated hyperglyce-

Conclusions: p-Pinitol could serve as an effective anti-hyperglycemic agent for the treatment of diabetes mellitus.
Further research to study its safety and mechanism of action is recommended in order to employ this compound for

Background

Diabetes mellitus is one of the most common non-com-
municable diseases. It is group of metabolic disorders
in which hyperglycemia lasts over a longer period lead-
ing to several other complications (Toi et al. 2020). It is
characterized by supraphysiological glucose due to the
deficiency in insulin secretion or insulin receptor or post-
receptor events that results in the disturbances in the
biochemical pathways of carbohydrates, fats and protein
(Ruiz 2012). Moreover, the impaired metabolism leads
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to the progression and aggravation of oxidative stress
through different mechanisms like glucose autoxidation,
protein glycation, etc. (Dos Santos et al. 2019). The total
number of people with diabetes is predicted to increase
from 171 million in 2000 to 366 million in 2030 (Tao
et al. 2015). Studies direct that the incidence of diabetes
will continue to rise in the future due to growing preva-
lence of obesity, accelerating aging populations, environ-
mental factors and sedentary lifestyles (Piché et al. 2020).
Chronic blood sugar level and insulin resistance may in
turn lead to severe impairment and dysfunction of heart,
kidney, liver, eye, nerves, etc., which predominantly lead
to mortality (Kautzky-Willer et al. 2016). At present,
there is no known cure approaches for diabetes melli-
tus except in some very specific cases. Several efforts are
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taken to identify the novel treatment for this condition
with minimal side effects and risk factors.

Epidemiological evidence indicates that the regular
intake of fruits and vegetables containing polyphenols is
beneficial in both preventing and reversing the detrimen-
tal effects of several chronic conditions including diabetes
mellitus (Gandhi et al. 2020). These phytochemicals and
their derivatives are considered to be safer, less harmful
than synthetic drugs and non-toxic. Many studies have
reported that consumption of soy and soy products offers
reasonable protection against different types of ailments
in humans (Jayachandran and Xu 2019; Ganesan and Xu
2017). Soy diet contains various biologically active com-
ponents and has received much attention for their robust
beneficial effects in the prevention of diabetes, cardiovas-
cular disorders, obesity, cancer and osteoporosis (Chat-
terjee et al. 2018).

D-Pinitol (D-PIN) is derived from soybean and the
methyl ether of D-chiro-inositol found as large quan-
tities in soy foods (Phillips et al. 1982). D-PIN was iso-
lated from the seed coat, cotyledon and embryo axis of
twenty-two different soybean seeds (Poongothai and
Sripathi 2013). Several studies have reported the benefi-
cial effects of D-PIN including its antioxidant (Koh et al.
2018), anti-inflammatory (Lépez-Domenech et al. 2018),
hepatoprotective (Lee et al. 2019), cardioprotective (Hu
et al. 2021) and neuroprotective activities (Alonso-Castro
et al. 2019). The objective of the present review is to sum-
marize the beneficial effects of D-pinitol against diabetes
mellitus in pre-clinical and clinical studies.

Main text

Chemistry

The chemical name of D-PIN is 3-Omethyl-b-chiro-ino-
sitol (Fig. 1) (Bhat et al. 2009). It has a molecular formula
of C;H,,0, molecular weight of 194.18 g/mol. The melt-
ing point of D-PIN is about 187 °C, and boiling point is
317 442.0 °C at 760 mmHg (Anderson 1972). D-PIN has
a higher solubility in water, and it is slightly soluble in
ethanol (Srivastava et al. 2020).

Bioavailability and metabolism

The pharmacokinetic and bioavailability study (Qiu et al.
2021) results of D-PIN showed that the mean half-life
time (£1/2z) was 49.6 &+ 23.4 h during intravenous admin-
istration of D-PIN and it was 26.9£15.4 h in intragastric
administration, suggesting that the metabolism of D-pini-
tol was a slow elimination phase. This could be due to the
enterohepatic circulation process and/or higher plasma
protein binding because of the intragastric administra-
tion. The apparent volume of distribution (Vz) for D-PIN
was 325.24+107.8 L/kg and 1557.50+1329.05 L/kg for
intravenous and intragastric administration, respectively.
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Fig. 1 Structure of p-pinitol

The octanol/water partition coefficient (LogP) of D-pini-
tol was — 1.89 obtained by ACD/Percepta, indicating that
it was a highly polar and hydrophilic compound. Higher
values of Vz and small LogP value specified that D-PIN
may have higher affinity to plasma protein. The bioavail-
ability of D-PIN was found to be approximately 18.3%.

Effects of p-pinitol against Diabetes mellitus

Pre-clinical studies

Pancreatic protective effect of D-PIN on streptozotocin
(STZ)-induced diabetes mellitus This study was under-
taken to investigate the anti-diabetic efficacy of D-PIN
in STZ-induced diabetes in male Wistar rats (Sivakumar
and Subramanian 2009a). Diabetes was induced in rats
by administering single intraperitoneal injection of STZ
(50 mg/kg body weight). D-PIN (50 mg/kg body weight)
was given to rats orally for 30 days once a day to see the
anti-diabetic property. Gliclazide was used as the reference
drug to compare the effect of D-PIN. In STZ-induced dia-
betic rats, FBG (mM) was increased (15.99 £ 0.20), insulin
(LU/ml) levels were decreased (5.11+0.28), hemoglobin
(g/dL) was decreased (6.77 £0.20) and HbA1C (%) was
increased (13.73+0.38) when compared to the control
rats. D-PIN administered group significantly (P<0.05)
decreased FBG (6.9840.13), increased insulin levels
(12.34£0.74), increased hemoglobin levels (11.47 £ 0.48)
and decreased HbA1C (8.5510.46). The levels of plasma
and pancreatic LPO (nM/ml) (10.98 +0.66, 81.17 &+ 3.43);
hydroperoxides (107> mM/dL) (16.32 £ 0.63, 29.94 4 1.45)
were increased; antioxidants SOD (1.43+0.46), CAT
(6.2440.39), GPx (3.06+0.16), GST (1.37+0.14), vita-
min C (0.60+0.03), vitamin E (0.80+0.04), ceruloplas-
min (7.924+0.31) and GSH (16.15+1.21) were decreased
in the diabetic induced rats. The levels of these parameters
were significantly (P<0.05) modified in D-PIN supple-
mented rats. Similarly, the levels of serum AST, ALT and
ALP were markedly increased in STZ group when com-
pared to the control animals that was effectively (P<0.05)
restored to near normal levels in D-PIN provided animals.
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Histological study of pancreas showed intense degranula-
tion of beta cells and vacuolation of pancreatic islets in the
STZ-induced diabetic rats. D-PIN-treated rats showed
reduced degranulation and vacuolation. The results of
this study demonstrated that the antioxidant and anti-
peroxidative effect of D-PIN was crucial in protecting the
pancreas against diabetes induced oxidative stress.

Effects of D-PIN on insulin resistance through modulating
PI3kt/Akt signaling pathway

The study was carried out in Sprague—Dawley rats (Gao
et al. 2015). STZ solution (30 mg/kg body weight) was
used to induce diabetes mellitus in rats. D-PIN was
administered orally at a dose of 30 and 60 mg/kg body
weight to determine its effects. Body weight was consider-
ably (P<0.05) decreased in diabetic rats (380.75+ 30.73 g)
compared to the control rats (496.50£27.18 g). D-PIN-
treated rats showed a significant (P<0.05) improvement
in the body weight (424.20417.87). Fasting blood glu-
cose levels in the diabetic group was markedly (P<0.05)
higher (21.1£4.31 mmol/L) compared to the normal
control group (4.8+118 mmol/L). There was a signifi-
cant decreased in the fasting blood glucose values in the
D-PIN supplemented group (16.6 £ 2.56 mmol/L). Insulin
sensitivity was measured using fasting serum insulin lev-
els (FINS), HOMA-B and insulin sensitivity index (ISI).
FINS was markedly increased in the STZ-induced group
(20.07£3.17) and HOMA-f was relatively decreased in
the STZ-induced group (20.77 £5.07) compared to the
control group 13.11+1.55 and 260.88+150.43. In the
D-PIN-treated group, significant decrease in FINS was
observed (14.08 +2.14) without any significant change
in HOMA-B (24.54 £9.77). ISI was significantly (P <0.05)
increased in diabetic group (—6.13£0.15) which was
significantly (P<0.05) reversed to near normal in D-PIN-
treated group (—5.4040.17). Further, mRNA expression
of proteins involved in the PI3k/Akt signaling pathway
was studied. RT-PCR results showed increased gene
expression of glycogen synthase, PI3k and Akt with
decreased expression of pl10 and p85 in the D-PIN-
treated groups compared to the diabetes induced group.
Immunohistochemical analysis showed increased pAkt
stained regions in the D-PIN-treated group suggesting
the activation of PI3k/Akt signaling pathway by D-PIN.
Overall results reported that anti-hyperglycemic action
of D-PIN could be due to its potential to activate the
PI3k/Akt signaling pathway that inhibited insulin resist-
ance in experimental rats.

Effect of D-PIN on STZ-induced renal alterations

Sivakumar et al. (2010a; b) reported the renal protec-
tive function D-PIN on STZ-induced renal alterations
in Wistar rats. STZ was administered as a single dose
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(50 mg/kg body weight) intraperitoneally to cause renal
damage. D-PIN was orally supplemented for 30 days
at a dose of 50 mg/kg body weight. The levels of serum
urea (45.18 £1.34 mg/dL), uric acid (7.06+0.28 mg/dL)
and creatinine (1.23+0.61 mg/dL) along with advanced
glycation end products (AGE) were markedly (P<0.05)
increased in STZ-induced animals when compared to the
control animals (urea 22.77 +0.78; creatinine 0.41 +0.31;
uric acid 2.6240.19 mg/dL). The levels of renal MDA,
hydroperoxides and protein carbonyls increased and
antioxidants SOD (9.440.73), CAT (20.93+1.03), GPx
(4.04+0.21), GST (2.44-0.17), GSH (20.75 % 0.88), vita-
min C (0.49 +0.33) and vitamin E (0.44 +0.21) decreased
in the STZ challenged rats revealing increased renal oxi-
dative stress. D-PIN-treated rats effectively (P<0.05)
decreased lipid peroxidation and improved cellular anti-
oxidants SOD (14.34+0.43), CAT (34.49+1.10), GPx
(6.93£0.09), GST (6.10£0.13), GSH (30.83+0.69),
vitamin C (0.95+0.36), vitamin E (0.88+0.37) com-
pared to the STZ rats. Renal histopathological analy-
sis showed enlargement of lining cells of renal tubules,
fatty infiltration, capillary tufts and large area of hem-
orrhage and lymphocyte infiltration in STZ-induced
animals. TEM studies revealed larger and dilated glo-
meruli, partial thickening of Bowman’s capsule, swollen
mitochondria, broadened podocyte and vacuolization in
D-PIN-untreated animals. D-PIN supplemented group
showed significant improvement in the renal cellular
architecture with reduced abnormalities. The findings
of this study revealed that D-PIN remarkably decreased
STZ-mediated hyperglycemia-induced renal oxidative
stress by its promising antioxidant function.

D-PIN increases insulin secretion in obese mice

Silva Junior et al. (2020) studied the role of D-PIN on
hepatic lipid metabolism in obese albino mice. Mono-
sodium glutamate (MSG) was used (4 g/kg body weight)
for five days to induce obesity in mice. D-PIN treatment
(50 mg/kg body weight) was followed for 30 days by oral
gavage route. In MSG-induced animals, obesity was evi-
dent from increased Lee index (21%) with increased
adiposity (P<0.0001). Weight of retroperitoneal and
perigonadal white fats (83%) and interscapular brown
fat pad (79%) was significantly (P<0.0001) higher in
MSG-induced mice when compared to the control mice.
However, no significant changes in the above parameters
were observed in the D-PIN group compared to the MSG
group. MSG-induced obese animals showed increased
plasma and hepatic levels of total cholesterol, TG com-
pared to the control animals. D-PIN treatment did not
affect the circulating lipids in obese mice but signifi-
cantly (P<0.05) improved TG content in liver. RT-PCR
analysis of hepatic expressions of lipogenic genes showed
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increased (169%) expressions of sterol regulatory element
binding protein (SREBP)-1-C, acetyl CoA carboxylase
((ACC) 146%), fatty acid synthase (FS) (156%), uncou-
pling protein (UCP)-2 (71%), subunit alpha of AMP-
activated protein kinase (AMPKa) (38%) in obese group.
These changes were significantly reduced in D-PIN sup-
plemented group SREBP-1 (52%), ACC (41%), FS (43%),
UCP-2 (31%), AMPKa (36%). Morphological analysis
of pancreatic islet cells in obese mice showed hyper-
trophic islets with higher islet area and enhanced per-
centage of medium and large islets compared to control
mice. D-PIN treatment increased the percentage of large
islets but did not affect pancreatic weight. Results of this
study revealed that D-PIN treatment for 30 days in obese
mice improved ectopic hepatic fat deposition by improv-
ing liver transcription factors and enzymes involved in
de novo lipogenesis and by reducing the expression of
AMPKa that might have protected against the TG depo-
sition in the liver. Thus, D-PIN increased glucose-induced
insulin secretion, which might have in turn enhanced the
liver lipogenesis and TG deposition in mice.

Effect of D-PIN on STZ-induced cardiopathy

The modulatory effect of D-PIN on STZ-induced dia-
betic cardiopathy was reported in SAMP8 and SAMR1
mice (Li et al. 2021). STZ was given intraperitoneally
daily for five consecutive days at a dose of 50 mg/kg
body weight to induce diabetes mellitus in mice. D-PIN
(150 mg /kg body weight) was provided for 10 weeks
by oral gavage route. Significant (P<0.01) decrease in
body weight (27%) and increase in fasting blood glucose
(28.4+0.02 mmol/L) was observed in diabetic group
compared to the normal control group. These changes
were markedly (P<0.01) reverted in D-PIN supplemented
groups with body weight increased up to 76% and fast-
ing blood glucose levels decreased (10.34+0.01 mmol/L)
when compared to the diabetic group. Cardiac fibrosis
was assessed by Masson’s staining that showed increase
in cardiac fibroblast with increased collagen synthe-
sis and cardiac hypertrophy in STZ-induced diabetic
animals. Reduced abnormalities were seen in D-PIN-
treated animals when compared to the diabetic animals.
In diabetic induced mice, mRNA expression of cardiac
a-myosin heavy chain (MHC), B-MHC, brain natriuretic
peptide (BNP) and atrial natriuretic peptide (ANP) was
found to be increased; cytoplasmic and nuclear levels
of Nrf2 decreased; cardiac MDA levels increased with
decrease in antioxidants SOD, GPx and GSH; protein
expression of Bcl-2 decreased with increased caspase-3
and caspase 9 expressions. Further, cardiac protein
expression of PI3k, phosphor Akt and phosphor-mTOR
decreased in STZ-induced group when compared to
the control group. All these changes were significantly
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(P<0.01) reverted in D-PIN-treated group. Thus, the
observations of this study showed that D-PIN signifi-
cantly improved glycemic control and cellular antioxi-
dants, thereby improving cardiac function by reducing
myocardial apoptosis and fibrosis through the PI3k/Akt/
mTOR signaling pathway.

Effect of D-PIN on STZ-induced diabetic hyperlipidemia
The protective efficacy of D-PIN against STZ-induced
diabetic hyperlipidemia was studied in albino Wistar
rats (Geethan and Prince 2008). Single dose of intra-
peritoneal injection of STZ (40 mg/kg body weight)
was given to induce hyperglycemia in experimental
rats. D-PIN (100 mg/kg body weight) was adminis-
tered orally for 30 days to study its ameliorating effect.
In STZ-induced animals, body weight was decreased,
blood glucose levels were significantly increased,
serum lipids such as total cholesterol (225.3+20.5 mg/
dL), triglycerides (TG) (225.3+20.5 mg/dL), free fatty
acids (FFA) (155.4+12.2 mg/dL) and phospholipids
(PL) (192+15.2 mg/dL) were significantly increased
compared to the control animals. D-PIN-treated ani-
mals showed significant (P<0.05) decrease in the lev-
els of serum total cholesterol (99.2+8.6 mg/dL), TG
(96.3+8.2 mg/dL), FFA (87+6.2 mg/dL) and PL
(132.1+8 mg/dL). Similarly, the levels of liver, kidney,
heart and brain total cholesterol, TG, FFA and PL were
markedly increased in the diabetic hyperlipidemia-
induced animals compared to the control animals. D-PIN
supplementation effectively (P<0.05) altered these levels
to near normal in the treated group. The levels of serum
lipoproteins LDL, VLDL and HDL were significantly
decreased in the D-PIN-administered group when com-
pared to the STZ-induced untreated diabetic group.
The hyperlipidemia reported in STZ-induced rats could
be due to excess fat mobilization from adipose tissue
because of underutilization of glucose. D-PIN treatment
remarkably facilitated the glucose utilization suppressing
the mobilization of fat and prevented hyperlipidemia in
the diabetic rats.

Effect of D-PIN on STZ-induced liver damage

The liver protective nature of D-PIN in STZ-induced
diabetes in male Wistar rats was reported by Sivakumar
et al. (2010a; b). STZ was given at the dose of 50 mg/kg
body weight. D-PIN was given orally (50 mg/kg body
weight) for 30 days. The levels of liver lipid peroxides
(TBARS and hydroperoxides), plasma pro-inflammatory
cytokines TNF-a, IL-1pB and IL-6 along with nitric oxide
and NF-kB p65 unit were markedly (P<0.05) increased;
liver antioxidants SOD (4.42+0.26), CAT (42.90+1.21),
GPx (4.58+0.26), GST (4.07 £0.97), reduced glutathione
GSH (24.5640.96), vitamin C (0.5440.03), vitamin E
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(0.95+0.15) were decreased in STZ-induced diabetic
animals when compared to the control animals. D-PIN
treatment effectively (P<0.05) reverted all these changes
that was evident by increase in the antioxidant activi-
ties/levels of SOD (7.37£0.21), CAT (68.83 +1.53), GPx
(7.59+0.28), GST (6.48+0.17), vitamin C (1.3540.05),
vitamin E (1.5640.04), GSH (30.75%0.27). Liver his-
topathological analysis revealed fibrosis in portal area,
microvesicular vacuolization, granular degeneration and
distortion in the arrangements of cells around the central
vein capillaries leading to loss of concentric arrangement
of hepatocytes in STZ-induced rats. Transmission elec-
tron microscopy (TEM) of liver showed pyknotic nuclei,
increased droplet accumulation, reduced mitochon-
dria and glycogen content in STZ-administered group.
D-PIN-treated animals showed marked reduction and
improvement in all the abnormalities seen in STZ group
in histological and TEM studies. The anti-hyperglycemic
and antioxidant function of D-PIN was very important
for its hepatoprotective action in diabetic rats.

D-PIN stimulates translocation of GLUT 4 in skeletal muscle
in mice

GLUT 4 is an important glucose transporter in the skel-
etal muscle, heart muscle and adipocytes that is regulated
by Insulin. In this study, the efficacy of D-PIN along with
myo-inositol to stimulate the translocation of GLUT 4
was reported in C57 BL/mice (Dang et al. 2010). D-PIN
(1 g/kg body weight) was supplemented orally to mice
30 min before a post-oral injection of glucose (2 g/kg
body weight). Oral glucose tolerance test was conducted
in the control and experimental group. The results
showed significantly (P<0.05) increased plasma glu-
cose level after 15 min of glucose ingestion that reached
a maximum after 30 min in the diabetic mice. In the
D-PIN-treated mice, plasma glucose level was signifi-
cantly (P<0.05) decreased after 30 and 60 min; the maxi-
mum level reached 15 min after glucose ingestion and
significantly returned to normal level sooner than the
induced group. The values of HOMA-IR were also signif-
icantly (P<0.05) increased in the diabetes-induced group
compared to the control group and D-PIN treatment effi-
ciently (P<0.05) reduced the HOMA-IR. However, no
significant changes were observed in the levels of plasma
cholesterol in the treated and untreated groups. West-
ern blot analysis showed increased protein expression
of IRP in the plasma membrane fraction and increased
protein expression of GLUT 4 in the tissue lysate. This
suggests that D-PIN has potentially stimulated the trans-
location of GLUT 4 in the treated group compared to
the untreated diabetic group. The probable mechanism
by which D-PIN activated the translocation of GLUT 4
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could be by activating phosphoinositide 3 kinase and/or
5" AMP-activated protein kinase.

D-PIN modulates hepatic enzymes in STZ-induced diabetes
This study by Sivakumar and Subramaniam (2009b)
explored the anti-diabetic activity of D-PIN in rats by
modulation of key carbohydrate metabolizing enzymes
in the liver. Diabetes mellitus was induced in rats by giv-
ing a single intraperitoneal injection of STZ (50 mg/kg
body weight). D-PIN was given at different doses (25,
50, 75 and 100 mg/kg body weight) orally (50 mg/kg
body weight) for 15, 21, 30 and 45 days. Body weight in
diabetic rats was significantly (P<0.05) decreased com-
pared to the control rats. D-PIN treatment efficiently
(P<0.05) increased body weight in the treated rats.
Results of the glucose tolerance test (GTT) showed a
sudden increase of blood glucose after glucose load in
the diabetic group at 60 min, and this stayed high over
the next 60 min, whereas in the D-PIN-treated group
the blood glucose was significantly (P<0.05) decreased
at 60 min and 120 min compared to the diabetic group.
The fasting blood glucose values in the diabetic group
were significantly increased to 298.43 £ 1.45 mg/dL com-
pared to the control group 87.38+0.61 mg/dL. D-PIN-
treated group showed significantly decreased fasting
blood glucose values (98.65+14.3 mg/dL) compared to
the STZ-induced diabetic group. Similarly, the plasma
insulin concentration was significantly decreased in the
STZ-induced animals (6.42 +0.22) compared to the nor-
mal animals (14.84£0.15). This was markedly (P<0.05)
improved in D-PIN-supplemented animals (10.58 +0.17)
compared to the diabetic animals. The HbA1C levels
are also raised in the diabetic group to 12.83% that was
brought to near normal levels (7.29%) in the D-PIN-
treated group. The activities of carbohydrate metaboliz-
ing enzymes such as hexokinase (129.62+ 1.55), pyruvate
kinase (102.22+1.17), glucose 6 phosphate dehydro-
genase were significantly decreased and lactate dehy-
drogenase (450.49+2.97), fructose 1,6 bisphosphatase
(754.95 £+ 3.59), glucose 6 phosphatase (1964 +4.82) were
significantly increased in the diabetic rats. The activi-
ties of these enzymes in the D-PIN such as hexokinase
(227.7+£0.64), pyruvate kinase (168.7+1.37), lactate
dehydrogenase (290.46+2.23), glucose 6 phosphatase
(1141.4943.31), fructose 1,6 bisphosphatase (536 £7.91)
and glucose 6 phosphate dehydrogenase (492.82+2.72)
were significantly brought back to near normal. Moreo-
ver, the glycogen content and glycogen synthase activ-
ity were significantly decreased in STZ-induced animals
compared to the control animals; this was markedly
(P<0.05) restored to near normal in D-PIN-supple-
mented animals. The results of this study concluded that
the glucose lowering ability of D-PIN could be due to its
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capability to modulate the activities of hepatic carbohy-
drate metabolizing enzymes and to protect the hepatic
architecture.

Reno protective effect in experimental diabetes

Male Wistar rats were used in this study (Sousa et al.
2020). STZ was given at the dose of 65 mg/kg body
weight intraperitoneally to induce diabetes. Diabetes was
confirmed in the experimental animals using blood glu-
cose values greater than or equal to 200 mg/dL. D-PIN
(20 mg/kg body weight) was administered by oral gav-
age route for eight weeks after 2 months of induction of
diabetes. Blood glucose values increased significantly
(P<0.05) in the diabetic group to 306.8+42.2 mg/
dL compared to the control group. D-PIN treatment
effectively (P<0.05) lowered the blood glucose val-
ues to 234.4+23.5 mg/dL in the treated group. Plasma
creatinine levels in the diabetic group increased to
0.88+£0.05 mg/dL that was significantly (P<0.05)
brought down to 0.67+0.44 in the treated group. Uri-
nary albumin excretion was significantly increased up
to 28% in the STZ-induced diabetic animals that were
restored to near normal in the D-PIN-treated animals.
Urinary albumin/creatinine ratio and total renal blood
flow were significantly (P<0.05) increased in the dia-
betic group (4.6+0.9 mg/mg;—3.4+0.6 mg/g/min)
that were remarkably reduced in the D-PIN group to
2.1£0.3 mg/mg and—2.9+£0.7 mg/g/min). Glomeru-
lar volume in STZ group was significantly (P<0.05)
(55.2%) increased in D-PIN-treated group compared to
the diabetic induced group. PAS staining showed thick-
ening of Bowman’s capsule, hyalinosis of vascular pole,
dilated Bowman’s space and hypercellularity in diabetes
induced animals. All these abnormalities were effectivity
reduced in D-PIN-treated animals. Western blot analysis
showed decreased Nephrin protein expression (30%) in
STZ animals that was significantly increased in D-PIN-
treated animals, increased phosphoThr202/Tyr 204 pro-
tein expression (97%) and TGF-p expression (87%) in
STZ-induced animals that were significantly decreased in
D-PIN-treated animals. Anti-oxidant, anti-proliferative,
anti-inflammatory activity of D-PIN was an important
reason for its renoprotective and anti-diabetic action.

Clinical studies

Effect of D-PIN against type 2 diabetes mellitus in patients
The effect of D-PIN on glycemic control, insulin resist-
ance and adipocytokine levels in patients with type 2 dia-
betes mellitus was assessed (Kim et al. 2012). A total of
66 patients (aged 20 to 75 years) diagnosed with type 2
diabetes mellitus and who had been taking oral hypogly-
cemic drugs in the previous three months were involved
in the study. Thirty-three patients were randomly marked
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and put in the D-PIN (400 mg thrice a day) treatment
group, and other thirty-three patients were designated in
the placebo group. The levels of plasma FBG, post-pran-
dial blood glucose and mean HbA1C levels were lowered
in the D-PIN-treated group compared to the placebo
group. But only FBG levels were significantly (P<0.05)
decreased when compared to the placebo group. The
index of insulin resistance was measured in the form
of HOMA-IR. No significant (P<0.05) changes were
observed in the levels of C-peptide and insulin between
placebo and D-PIN supplemented groups. There was no
significant (P<0.05) difference in the levels of adiponec-
tin, FFA and CRP between the D-PIN-treated groups and
placebo group. However, leptin levels were significantly
(P<0.05) lowered in the D-PIN supplemented patients
compared to the placebo group. Multiple regression
analysis revealed that HbA1C level was an important pre-
dictor, that showed significant (P<0.01; r=0.65) decline
in HbA1C levels. The results of the study depicted that
D-PIN regulated insulin levels to improve glycemic con-
trol and insulin sensitivity in patients with Diabetes mel-
litus, particularly in in patients with insulin resistance.

Anti-hyperglycemic role of D-PIN on patients

with hyperglycemia

Effect of D-PIN isolated from soybean was tested for
its anti-hyperglycemic activity in patients with type
2 diabetes mellitus (Kang et al. 2006). This study was
conducted on Korean patients with type 2 diabetes mel-
litus. After overnight fast, patients were given cooked
white rice (64.2 gm) containing 50 g of available carbo-
hydrate. D-PIN isolated from soybean (1.2 gm) was sup-
plemented as pre-treatment at 0.60, 120 and 180 min
prior to rice ingestion. After the intake of rice, the cap-
illary blood glucose levels increased to 119.3%+6.7,
1225+8.0, 108.7 £8.0 and 22.54+9.5 mg/dl at 60, 90, 120
and 240 min. D-PIN supplementation decreased blood
glucose levels to 116 +6.5, 120.14+7.9, 96.4+6.4 and
18.24+10.4 mg/dL at 60, 90, 120 and 240 min. The levels
of post-prandial glucose were also significantly (P<0.05)
decreased in patients supplemented with D-PIN. How-
ever, the plasma insulin levels were not significantly
affected in the D-PIN group (2570+418) compared
to the untreated group (2835=+608). The results of the
study clearly showed that the anti-hyperglycemic effect
of D-PIN could be due to its ability to interact with the
insulin signaling pathways.

Effect of D-PIN isolated from soybeans on glycemic control

in patients

The effect of D-PIN on glycemic control and cardio-
vascular risk factors was studied in patients with type 2
diabetes mellitus (Kim et al. 2005). Thirty subjects were
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involved in this study, and D-PIN (600 mg) was given
orally daily for 12 weeks. Results showed a significant
(P<0.05) decrease in the concentration of plasma glucose
(8.794+0.30 mmol/L), insulin (16.4+1.4 pU/mL), fruc-
tosamine (351.5+13.7 umol/L), HbA1C (8.79%), HOMA-
IR (6.44+0.59), LDL cholesterol (3.10+0.23 mmol/L),
LDL/HDL cholesterol ratio (2.7140.32), triglycerides
(5.234+0.24 mmol/L), TG/Cholesterol ratio (1.5440.14)
and a significant (P<0.05) increase in HDL cholesterol
(1.21£0.07 mmol/L) in the D-PIN-treated patients. How-
ever, there were not significant changes observed in the
body weight, waist circumference, body fat content, ALT,
AST, BUN and creatinine levels in the D-PIN-treated
patients. Therefore, this study exemplified that D-PIN
could be an important agent for treating type 2 diabetes
mellitus and for curbing the diabetes related cardiovascu-
lar complications associated with it.

Effects of D-PIN on patients with glucose metabolism

and adipocytokines

This study evaluated the impact of D-PIN on type 2
diabetic patients with poor control with anti-diabetic
agents. Twenty-two patients with uncontrolled type
2 diabetes mellitus were selected for this study (Kim
et al. 2007). The criteria for diabetes were fasting blood
glucose above or equal to 7.8 mmol/L or HbA1C with
above or equal to 7.5%. D-PIN was supplemented orally
for 12 weeks at 20 mg/kg/day. Before the treatment of
D-PIN the fasting blood glucose values were found to
be 11.1£2.1 mmol/L, post-prandial glucose 16.5+4.7,
HbA1C 9.8%, whereas after D-PIN treatment the val-
ues were significantly (P<0.05) improved with fasting
blood glucose 9.4+2.8 mmol/L, post-prandial glucose
12.9£4.1 mmol/L and HbA1C 8.3%. However, no sig-
nificant changes were found in other parameters like C
peptide, total cholesterol, triglycerides, HDL choles-
terol, LDL cholesterol, ALT, AST, 24-h urinary protein
and 24-h urinary albumin. Similarly, there were no sig-
nificant changes in the levels of adiponectin, leptin, free
fatty acids and CRP in the PIN-treated and untreated
groups. The results of the study showed that D-PIN treat-
ment effectively altered glucose metabolism but did not
improve lipid parameters and adipocytokine levels in
patients with uncontrolled diabetes mellitus.

Effects of D-PIN treatment on Insulin action in subjects

with uncontrolled diabetes

A study was conducted in patients to assess the glu-
cose lowering effect of D-PIN in obese subjects (Davis
et al. 2000). Twenty-two obese patients with a mean
age of 51+ 12 years were subjected to the study. Abnor-
mal glucose tolerance and BMI>30 kg/m® were used
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as criteria for confirming obesity and diabetes mellitus.
D-PIN was given orally to patients for 28 days at a dose
of 20 mg/kg/day. The results were summarized as pre-
and post-treatment outcomes after D-PIN supplemen-
tation. In the pretreated groups, fasting blood glucose
was 7.6+£0.7 mmol/L, fasting insulin 102+ 14 pmol/L,
HbA1C 6.8%, plasma free fatty acids 0.49+0.04 pumol/
mL, total cholesterol 5.28+0.26 mmol/L, LDL
3.26 £0.28 mmol/L, HDL 0.85 mmol/L and total choles-
terol 2.59+0.26 mmol/L. After D-PIN treatment, there
were no significant changes in the fasting blood glu-
cose 7.240.7 mmol/L. fasting insulin 101 +2.3 pmol/L,
HbA1C 6.8%, free fatty acids 0.49£0.04 pmol/mL, total
cholesterol 5.09 +0.26 mmol/L, LDL 3.234+0.23 mmol/L,
HDL 0.84 £ 0.06, total triglycerides 2.26 £0.24 mmol/L.
Thus, the results of this study showed that D-PIN treat-
ment for 4 weeks did not appreciably change the baseline
glucose production, insulin-mediated glucose disposal
and major lipid fractions in plasma.

Toxicity studies on D-PIN

Toxicity studies on D-PIN is extremely limited in ani-
mal model and human studies did not report any signifi-
cant toxicity of this compound. A study from Chauhan
et al. (2011) analyzed the toxicity of D-PIN in Swiss
albino mice. Acute toxicity studies in mice revealed that
D-PIN does not induce any mortality and a dose of up to
2000 mg/kg body weight was tolerable in animals. Clini-
cal studies have also shown that D-PIN was well tolerated
in humans up to 1200 mg/day (Kim et al. 2012).

Conclusions

In this review, we have summarized the different mecha-
nisms involved in the protective effect of D-PIN in dia-
betes mellitus through various animal and human studies
(Tables 1, 2) (Fig. 2). All pre-clinical studies included in
this review reported an appreciable control of hypergly-
cemia, glycemic regulation and insulin resistance in the
D-PIN-treated animals compared to the diabetic animals.
Most of the clinical studies also reported the glucose low-
ering effect of D-PIN. Moreover, a dosage of up to 150 mg/
kg body weight of D-PIN was well tolerated in animal
models and 1200 mg/day in case of clinical studies. Studies
did not report any substantial toxic effects of D-PIN. The
common mechanism attributed to the anti-diabetic effect
of D-PIN by most of the studies was its potential antioxi-
dant and anti-peroxidative effect that helped in preventing
the diabetes associated complications. Therefore, we sug-
gest that more clinical studies to be undertaken to identify
the exact mechanism how D-PIN is able to illicit its anti-
hyperglycemic effect and long-term studies are recom-
mended in human to assess the toxicity of D-PIN.
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Table 1 Summary of the effects of p-pinitol on diabetes mellitus in experimental animals
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S.No. Author Year Model used Dose applied Major mechanism/effect
1. Sivakumaretal, 2009 Wistar rats 50 mg/kg body weight by oral gavage Regulation of blood glucose, insulin, HbATC;
route for 30 days levels/activities of pancreatic LPO, SOD, CAT,
GPx, GST, vitamin E, vitamin C, ceruloplasmin
and GSH
2. Gaoetal, 2015 Sprague-Dawley rats 30 and 60 mg/kg body weight by oral gav-  Regulation of proteins involved in PI3K/Akt
age route for 5 weeks signaling pathway; phosphatidylinositol-
3-kinase (PI3K) p85, PI3Kp110, as well as the
downstream target protein kinase B/Akt (at
Ser473), glycogen synthesis kinase-33
3. Sivakumaretal, 2010 Wistarrats 50 mg/kg body weight by oral gavage Regulation of levels/activities of renal LPO,
route for 30 days SOD, CAT, GPx, GST, vitamin E, vitamin C,
ceruloplasmin and GSH; TNF-alpha, IL-1beta,
IL-6, NF-kappaB, p65 subunit and nitrite
4. Silva Junioretal, 2020 Swiss albino mice 50 mg/kg body weight by oral gavage Regulation of hepatic TG, SREb1c, ACC-1,
route for 30 days FASN and AMPKa
5. Lietal, 2021 SAMP8and SAMR1T mice 150 mg/kg body weight by oral gavage Regulation of blood glucose; MDA; PI3K/Akt/
route for 10 weeks mTOR pathway proteins; cardiac MHC, BNP,
ANP, Nrf2, B-MHC, brain natriuretic peptide
(BNP) and atrial natriuretic peptide (ANP)
was found to be increased; cytoplasmic and
nuclear levels of Nrf2; SOD, GPx and GSH;
Bcl-2, caspase 3 & 9; P13k, phosphor Akt and
phosphor-mTOR
6. Geethanetal, 2008 Wistar rats 100 mg/kg body weight by oral route for Regulation of blood glucose, total cholesterol,
30 days triglycerides, free fatty acids, phospholipids,
LDL, VLDL and HDL in serum, liver, kidney,
heart and brain
7. Sivakumaretal, 2010 Wistar rats 50 mg/kg body weight by oral gavage Regulation of levels/activities of liver LPO,
route for 30 days SOD, CAT, GPx, GST, vitamin E, vitamin C,
ceruloplasmin and GSH; TNF-alpha, IL-1beta,
IL-6, NF-kappaB, p65 subunit and nitrite
8. Dangetal, 2010 C57BL/6 mice 1 g/kg body weight by oral gavage route as  Regulation of blood glucose, HOMA-IR, IR
a single dose and GLUT 4
9. Sivakumaretal, 2009 Wistar rats 50 mg/kg body weight by oral gavage Regulation of blood glucose, insulin, HOA1C;
route for 15,21, 30 and 45 days liver glycogen, hexokinase, pyruvate kinase,
glucose 6 phosphatase, glucose 6 phosphate
dehydrogenase, lactate dehydrogenase, gly-
cogen synthase and glycogen phosphorylase
10. Sousa et al,, 2020 Wistar rats 20 mg/kg body weight by oral gavage Regulation of blood glucose, creatinine,

route for 8 weeks

urinary albumin, urinary albumin/creatinine
ratio, renal blood flow, glomerular volume,
protein expression of Nephrin, TGF3

Table 2 Summary of the effects of p-pinitol on patients with diabetes mellitus

S.No. Author Year Dose applied Major mechanism/effect

1. Kimetal, 2012 1200 mg/day for 12 weeks  Significant reduction in HbA1C, fasting plasma glucose and HOMA-IR

2. Kangetal, 2006 1.2 g/day for12 weeks Marked reduction in post-prandial blood glucose levels

3. Kim et al., 2005 600 mg/day for 12 weeks Significant reduction in plasma glucose, insulin, fructosamine, HbA1C, HOMA-IR, LDL choles-
terol, LDL/HDL cholesterol ratio, triglycerides, TG/Cholesterol ratio and a significant (P < 0.05)
increase in HDL cholesterol

4. Kimetal, 2007 20 mg/kg/day for 12 weeks  Fasting glucose, post-prandial glucose levels and hemoglobin ATc were significantly
decreased

5. Davis etal, 2000 20 mg/kg/day for 28 days No significant changes in the plasma glucose and insulin levels
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D-PINITOL

Fig. 2 Targets of p-pinitol in diabetes mellitus
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GLUT 4, COX-2, IL-6, IL-18,
NF-kB, TNF-a, Bax, BCl-2,
p65, Casp-3, Casp-7, eNOS,
SREb1c, ACC-1, FASN,

AMPKQ,,

0D, CAT, GPx, GST, AST,
ALP, ALT, HMG CoA
reductase, MPO, LDH, GGT,
CK MB, HK, F1,6 BPase,
G6Pase

MDA, GSH, Insulin, HDL,
LDL, TG, BR, Hydroxy
proline, DPPH, Nitrite, FFA,
creatinine, BUN, Urea,

UAP, uric acid
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