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Abstract Lupinus albus seeds contain conglutin gamma (Cγ)
protein, which exerts a hypoglycemic effect and positively
modifies proteins involved in glucose homeostasis. Cγ could
potentially be used to manage patients with impaired glucose
metabolism, but there remains a need to evaluate its effects on
hepatic glucose production. The present study aimed to ana-
lyze G6pc, Fbp1, and Pck1 gene expressions in two experi-
mental animal models of impaired glucose metabolism. We
also evaluated hepatic and renal tissue integrity following Cγ
treatment. To generate an insulin resistance model, male
Wistar rats were provided 30% sucrose solution ad libitum
for 20 weeks. To generate a type 2 diabetes model (STZ),
five-day-old rats were intraperitoneally injected with
streptozotocin (150 mg/kg). Each animal model was random-
ized into three subgroups that received the following oral
treatments daily for one week: 0.9% w/v NaCl (vehicle; IR-
Ctrl and STZ-Ctrl); metformin 300 mg/kg (IR-Met and STZ-
Met); and Cγ 150 mg/kg (IR-Cγ and STZ-Cγ). Biochemical
parameters were assessed pre- and post-treatment using color-
imetric or enzymatic methods.We also performed histological
analysis of hepatic and renal tissue. G6pc, Fbp1, and Pck1

gene expressions were quantified using real-time PCR. No his-
tological changes were observed in any group. Post-treatment
G6pc gene expression was decreased in the IR-Cγ and STZ-
Cγ groups. Post-treatment Fbp1 and Pck1 gene expressions
were reduced in the IR-Cγ group but increased in STZ-Cγ
animals. Overall, these findings suggest that Cγ is involved
in reducing hepatic glucose production, mainly through G6pc
inhibition in impaired glucose metabolism disorders.
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Abbreviations
Cγ Gamma conglutin
Fbp1 Fructose-bisphosphatase 1 gene
G6pc Glucose-6-phosphatase gene
IR Insulin resistance
Pck1 Phosphoenolpyruvate carboxykinase 1 gene
STZ Streptozotocin
T2D Type 2 diabetes

Introduction

Lupin seeds have high protein content (35–45% of protein),
specially the domesticated species such as L. albus, L.
angustifolius, and L. luteus, making them a useful protein
source for enriched food products, such as bread, pasta, crisps,
and cakes [1–3]. Lupin protein consumption has favorable ef-
fects on lipid and carbohydrate metabolism and, thus, enriching
foods with lupin flour may promote cardiovascular benefits [4].
Consumption of lupin protein positively regulates plasma LDL
cholesterol [5], confers protection against hepatic steatosis
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development [6], and lowers serum cholesterol in vivo [7].
However, the hypocholesterolemic effects of lupin proteins
may be slightly reduced by thermal treatment [8].

Lupin consumption also has hypoglycemic effects that have
been proven in vitro, in vivo, and in clinical trials, and that are
reportedly conferred by the protein conglutin gamma (Cγ) [9,
10]. Cγ is a glycoprotein with a relative mass of ~50 kDa,
which comprises two subunits of 17 and 29 kDa [1]. It is
suggested that Cγ has insulin-mimetic activity, allowing it to
activate kinases involved in the insulin signaling pathway, pro-
mote GLUT4 translocation, participate in muscle cell differen-
tiation, and increase HepG2 cell glucose consumption [11, 12].
Moreover, Cγ reportedly increases the pancreatic insulin con-
tent in beta cells and the Ins-1 gene expression in an animal
model of type two diabetes mellitus (T2D) [13]. Based on these
hypoglycemic effects, Cγ represents an alternative for glucose
level control in impaired glucose metabolism disorders, such as
metabolic syndrome and T2D [11].

To better understand the mechanism of action of Cγ, we
must evaluate its effects on key enzymes of glucose hepatic
production as a target for glucose homeostasis. The present
study aimed to evaluate the effects of Cγ on the gene expres-
sions of glucose-6-phosphatase (G6pc), fructose-
bisphosphatase 1 (Fbp1), and phosphoenolpyruvate
carboxykinase 1 (Pck1) in experimental models of IR and
T2D. We additionally evaluated the histological changes in
hepatic and renal tissue.

Materials and Methods

Plant Material Lupin albus seeds were provided by E. van
Santen (College of Agriculture, Auburn University, Alabama,
USA).

Cγ Purification and Characterization by PAGE Dehulled
Lupin albus seeds were ground to obtain flour, which was then
defatted using hexane. Cγ protein was extracted following a
previously described method [13, 14]. First, we added double-
distilled water (ddH2O) to the lupin flour to separate the albu-
min fraction. This solution was stirred for 2 h at 4°C and then
centrifuged, and the supernatant was removed. The pellet was
resuspended in 10% NaCl solution (pH 7), stirred for 12 h at
4°C, and then centrifuged at 8000 rpm for 30 min at 4°C. The
supernatant was recovered (globulins fraction), precipitated
with 85% saturated ammonium sulfate, and then centrifuged
under the above-described conditions. The pellet was dis-
solved in 0.1 M phosphate buffer (pH 6.8), dialyzed for 18 h
in 0.2 M acetate buffer (pH 4.8), and centrifuged. The
resulting conglutinα pellet was discarded, and the supernatant
was dialyzed for 48 h against ddH2O at 4°C. Finally, the
solution was centrifuged and the Cγ-containing supernatant

was lyophilized at −50°C, 0.040 mbar, for 8 h (Freeze Drying
4.5, LABCONCO).

Cγ Characterization by SDS-PAGE The extracted Cγ was
evaluated by 12% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) [15]. The protein samples (2 μg) were mixed
with Laemmli sample buffer (Bio-Rad, Milan, Italy) with and
without 1% ß-mercaptoethanol (denaturing and non-
denaturing conditions, respectively). These samples were in-
cubated at 90°C for 2 min, and then centrifuged at 10,000 rpm
for 10 min at 4°C. Polyacrylamide electrophoresis was per-
formed using the Protean® Tetra cell minigel kit (Bio-Rad,
Milan, Italy). Gels were stained with Coomassie brilliant blue
G-250 (BioRad, Milan, Italy). A BenchMark ™ Pre-stained
protein ladder (Invitrogen, UK) was included to verify the
relative molecular masses of native and denaturated Cγ.

Animals Male Wistar rats were obtained from the University
of Guadalajara Bioterium. Animals were maintained under
standard laboratory conditions, at 24 ± 2°C and 55 ± 5% hu-
midity, with a 12-h light/dark cycle. They were provided a
standard rodent diet (Purina LabDiet® 5001) and water ad
libitum. Animal experiments were performed according to
the Mexican Official Standard 062 (NOM-062-ZOO-1999)
and were approved by the institutional ethics committee.

Insulin Resistance Experimental Model To induce insulin
resistance, adult male Wistar rats (body weight, 200 g) were
given a 30% sucrose solution instead of drinking water ad
libitum for 20 weeks, along with standard rat chow. After 20
weeks of IR induction, blood glucose levels were measured
with a glucometer (One Touch®Ultra®, Johnson & Johnson),
and serum triglycerides levels were measured using the glyc-
erol phosphate/peroxidase method (BioSystems, Barcelona,
Spain). The IR experimental group included animals with
blood glucose values of 150–199 mg/dL and serum triglycer-
ides levels of >145 mg/dL [16].

Type 2 Diabetes Experimental Model To induce type 2 di-
abetes (T2D), five-day-old male Wistar rats (body weight, 9–
11 g) were separated from their mothers and fasted overnight.
Next, the animals were intraperitoneally injected with a fresh
solution of STZ (150 mg/kg; Sigma, St. Louis, MO, USA)
diluted in citrate buffer (10 mmol/L sodium citrate, pH 4.5)
[17]. The rats were weaned at 21 days of age, and were housed
in normal cages (five animals per cage). Glycemia was tested
at 20 weeks post-induction. Animals with blood glucose
levels of >200 mg/dL were considered diabetic [18].

TreatmentGroupsThe insulin resistance group (IR) and type
2 diabetes group (STZ) were each randomly divided into three
subgroups: the negative control subgroups (IR-Ctrl, n = 5;
STZ-Ctrl, n = 5) received normal saline solution (0.90% w/v
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NaCl, vehicle); the positive control subgroups (IR-Met, n = 5;
STZ-Met, n = 5) received standard treatment (metformin,
300 mg/kg); and the experimental subgroups (IR-Cγ, n = 5;
STZ-Cγ, n = 5) were treated with Cγ (120 mg/kg) [9]. All
treatments were administrated by oral gavage, once daily, for
one week.

Sample CollectionBlood samples from the retro-orbital plex-
us were collected at the beginning (pre-treatment values) and
end (post-treatment values) of the treatment period. Animals
were fasted overnight, and then anesthetized by intraperitone-
al (i.p.) injection of 80 mg/kg of Zoletil ® 50 (Tiletamine-
Zolazepam; Virbac, Carros, France). Blood samples were cen-
trifuged at 3500 rpm for 10 min at 4°C, and serum was stored
at −70°C until use.

Determination of Biochemical Parameters Serum insulin
levels were measured by enzyme-linked immunosorbent as-
say (ELISA) using the DRG® rat insulin ELISA kit (Marburg,
Germany) following the manufacturer’s instructions. A semi-
quantitative spectrophotometer (BTS-330; BioSystems,
Spain) was used to quantify serum glucose, urea, creatinine,
aspartate aminotransferase (AST), and alanine aminotransfer-
ase (ALT). Biochemical parameters were assessed using com-
mercial reagents purchased from BioSystems (Barcelona,
Spain).

Histological Assessment of Liver and Kidney At the end of
treatments, all rats were anesthetized as described above.
Fragments of liver and kidney tissue were excised, sepa-
rately fixed in 4% paraformaldehyde in 1× phosphate-
buffered saline (PBS), and embedded in paraffin.
Afterwards, paraffin-embedded serial 4-μm-thick sections
were stained with hematoxylin and eosin, Masson’s
trichrome stain, or periodic acid-Schiff (PAS) stain. A cer-
tified pathologist evaluated histological morphology.

RNA Extraction, Retro-Transcription, and Quantification
of G6pc, Pck1, Fbp1 Gene Expression RNA was isolated
from hepatic tissue using the RNeasy® Protect Mini Kit
(QIAGEN, USA), and 2 μg total RNAwas used to synthesize
cDNA. Reverse transcription was performed using the
transcriptor first strand cDNA synthesis kit (Roche,
Germany) following the manufacturer’s instructions. G6pc,
Fbp1, and Pck1 gene expressions were quantified by real-
time PCR using the LightCycler® FastStart (Roche,

Table 1 Serum glucose concentrations (mg/dL) in all experimental groups

Experimental insulin resistance groups

IR-Ctrl (n = 5) IR-Met (n = 5) IR-Cγ (n = 5)

Pre-treatment Post-treatment Pre-treatment Post-treatment Pre-treatment Post-treatment

175.29 ± 5.33 168.43 ± 1.13 193.80 ± 1.11 112.60 ± 8.28*** 181.38 ± 1.57 131.75 ± 12.12**

Experimental diabetic groups

STZ-Ctrl (n = 5) STZ-Met (n = 5) STZ-Cγ (n = 5)

Pre-treatment Post-treatment Pre-treatment Post-treatment Pre-treatment Post-treatment

316.80 ± 33.20 339.60 ± 7.85 464.00 ± 39.52 356.20 ± 4.59* 533.20 ± 25.73 445.40 ± 7.88*

Data are shown as mean ± SEM. Statistical analysis was performed using the paired t-test

*p < 0.05, **p < 0.01, ***p < 0.001 compared to pre-treatment

IR-Ctrl insulin resistance control group, IR-Cγ insulin resistance group treated with conglutin gamma, IR-Met insulin resistance group treated with
metformin, SEM standard error of the mean, STZ-Ctrl streptozotocin control group, STZ-Cγ streptozotocin group treated with conglutin gamma, STZ-
Met streptozotocin group treated with metformin

Fig. 1 Pre- and post-treatment serum insulin measured in insulin resis-
tance groups (a) and diabetic groups (b). Values represent themean ± stan-
dard error of the mean. *p < 0.05, compare to pre-treatment; statistical
analysis paired t-test. Abbreviations: IR-Ctrl insulin resistance control
group, IR-Cγ insulin resistance group treated with conglutin gamma,
IR-Met insulin resistance group treated with metformin, STZ-Ctrl
streptozotocin control group, STZ-Cγ streptozotocin group treated
with conglutin gamma, STZ-Met streptozotocin group treated with
metformin
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Germany), with Actb used as a housekeeping gene. The
primers sequences were as follows: G6pc forward (F) 5′-
CCCATCTGGTTCCACATTCAA-3′, reverse (R) 5′-CGCT
GTCCAAAAAGAATCCAC-3 ′ ; Pck1 F 5 ′ -CAGA
GAGACACCGTGCCCATCC - 3 ′ , R 5 ′ - AAGT
CCTCTTCTGACATCCAGC-3′; Fbp1 F 5′- CCATCATA
ATAGAGCCCGAGAAGA-3′, R 5′-CTTTCTCCGAAGGC
TCATTAGC-3′; and Actb F 5′-ACCCACACTGTGCC
CATCTA-3′, R 5′-GCCACAGGATTCCATACCCA-3′. All
amplification reactions were performed in triplicate using a
2.0 LightCycler® (Roche, Germany). The reaction conditions
were as follows: 95°C for 10 min, followed by 45 cycles of
95°C for 10 s, 60°C for 10 s, and 72°C for 18 s. Negative
controls included sterile water instead of cDNA. The Actb
threshold cycle (Ct) values were used to normalize the target
gene Ct values. The 2-ΔΔCT method was used to calculate the
relative gene expressions of G6pc, Fbp1, and Pck1 [19].
Single product amplification for each gene was confirmed
by melting curve analysis.

Statistical Analysis Serum biochemical values are
expressed as the mean ± standard error of the mean
(SEM). The paired t-test was used to analyze intra-group
differences in the pre- and post-treatment concentrations of
biochemical parameters. Mean expressions of G6pc, Pck1,
and Fbp1 were expressed in relative light units (RLU).
Between-group differences in G6pc, Pck1, and Fbp1 gene
expressions were assessed using the Mann-Whitney test,
and changes were compared with the Wilcoxon test. Data
analysis was performed using PASW statistical software,
version 18 (Chicago, IL, USA).

Results and Discussion

The liver plays an important role in the physiological control
of hepatic glucose production (HGP). In insulin resistance and
T2D, HGP suppression is impaired, increasing hepatic glu-
cose output [20, 21]. In the present study, we evaluated how
the hypoglycemic protein Cγ influenced the key enzymes
involved in HGP. Metformin treatment, which reduces HGP,
was used as a control.

First, Cγwas extracted and characterized by SDS-PAGE as
described above. Under non-reducing conditions, we identi-
fied one 50-kDa band, representing native Cγ. Under reduc-
ing conditions, we observed a 17- and a 29-kDa band, corre-
sponding to the two Cγ subunits.

Blood’s biochemical parameters were quantified pre-
and post-treatment in all groups. Changes in serum glucose
and insulin concentrations, in each group, were calculated
as a percentage of pre-treatment levels. Serum glucose
levels were reduced by 41.89% in the IR-Met group
(p < 0.001), 27.36% in the IR-Cγ group (p < 0.01),
23.23% in the STZ-Met group (p < 0.05), and 16.46% in
the STZ-Cγ group (p < 0.05) (Table 1).

As expected, both Cγ [9] and metformin reduced glucose
levels in the STZ and IR groups. However, the reduction in
glucose concentration was notably higher in the treated IR
groups than in the STZ treated animals. In a previous study,
Lovati et al. [12] found that Cγ administration (28 mg/kg
body weight) to Sprague-Dawley rats for three weeks while
being fed a 10% glucose water solution lowered blood glucose
levels as compared to the control animals (without Cγ). In the
study they only compared glucose levels between groups, but

Table 2 Renal and hepatic biochemical parameters in all experimental groups

Experimental insulin resistance groups

IR-Ctrl (n = 5) IR-Met (n = 5) IR-Cγ (n = 5)

Pre-treatment Post-treatment Pre-treatment Post-treatment Pre-treatment Post-treatment

Urea (mg/dL) 12.80 ± 0.29 12.71 ± 0.29 13.00 ± 0.41 13.00 ± 0.15 13.13 ± 0.40 13.00 ± 0.15

Creatinine (mg/dL) 0.21 ± 0.03 0.21 ± 0.03 0.35 ± 0.04 0.35 ± 0.04 0.19 ± 0.03 0.18 ± 0.03

AST (IU/L) 113.86 ± 2.13 105.71 ± 1.41* 72.67 ± 0.67 53.33 ± 1.86 102.75 ± 0.48 85.25 ± 2.17***

ALT (UI/L) 89.14 ± 2.82 83.43 ± 1.31 72.00 ± 1.15 56.70 ± 1.20 72.88 ± 1.26 42.00 ± 3.55***

Experimental diabetic groups

STZ-Ctrl (n = 5) STZ-Met (n = 5) STZ-Cγ (n = 5)

Pre-treatment Post-treatment Pre-treatment Post-treatment Pre-treatment Post-treatment

Urea (mg/dL) 13.00 ± 0.32 13.60 ± 0.40 12.80 ± 0.37 13.80 ± 0.58 13.60 ± 0.40 13.20 ± 0.49

Creatinine (mg/dL) 0.24 ± 0.02 0.32 ± 0.04 0.26 ± 0.04 0.32 ± 0.04 0.32 ± 0.04 0.26 ± 0.04

AST (IU/L) 113.80 ± 2.24 174.00 ± 2.30*** 158.60 ± 12.36 159.40 ± 6.25 163.18 ± 12.80 160.40 ± 13.46

ALT (UI/L) 94.88 ± 1.87 116.60 ± 1.69** 77.28 ± 10.96 85.80 ± 4.33 109.74 ± 3.38 108.60 ± 0.68

Data are shown as mean ± SEM. Statistical analysis was performed using the paired t-test

*p < 0.05, **p < 0.01, ***p < 0.001 compared to pre-treatment

ALT alanine aminotransferase, AST aspartate aminotransferase, IR-Ctrl insulin resistance control group, IR-Cγ insulin resistance group treated with
conglutin gamma, IR-Met insulin resistance group treated with metformin, SEM standard error of the mean, STZ-Ctrl streptozotocin control group, STZ-
Cγ streptozotocin group treated with conglutin gamma, STZ-Met streptozotocin group treated with metformin
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did not consider the within groups biological variability [22].
In contrast, our present study included intra-group compari-
sons to account for normal biological variations.

One advantage of Cγ treatment is that it does not appear to
produce hypoglycemia, even when the initial glucose level is
close to the normal range [9, 10, 12].

Both metformin and Cγ treated groups showed a reduction
in serum insulin. Serum insulin concentrations in the IR-Met
and IR-Cγ groups decreased by 36.07 and 37.57%, respec-
tively (Fig. 1a). This is likely due to the sensitizing action that
both metformin and Cγ have on tissues, which lowers serum
insulin levels in the IR treated groups. In contrast, serum in-
sulin concentrations increased significantly in the T2D groups
(STZ). Insulin levels were found to increase by 109.25 and
46.15% in the STZ-Met and STZ-Cγ groups, respectively
(Fig. 1b). Higher insulin levels in the diabetic groups could
be explained by a compensatory mechanism that is trying to
reduce the high glucose levels found in these groups [23].

Neither serum insulin nor glucose levels in the IR-Ctrl and
STZ-Ctrl groups changed after treatment (data not shown).

The use of any drug for the treatment of glucose disorders
can result in some kind of kidney and/or liver damage [24,
25]. Cγ potential, as an alternative treatment for glucose

disorders, justifies the evaluation of potential kidney and liver
damage. The biochemical and histological evaluations re-
vealed no renal or hepatic damage or lesions in the Cγ treated
groups. Serum creatinine and urea concentrations did not
change, after treatment, in any of the groups. Post-treatment
serum AST and ALT concentrations were reduced only in the
IR-Cγ group (Table 2). Finally, treated and control groups
showed normal liver and kidney tissue architecture demon-
strating that Cγ has no deleterious effects on these tissues.

G6Pase, a key enzyme in hepatic glucose production, cat-
alyzes the final step of gluconeogenesis and glycogenolysis.
In T2D, G6Pase overexpression increases the rate of endoge-
nous glucose production [26]. In the present study, G6pc gene
expression was reduced by 0.2-fold in the IR-Met group, 0.8-
fold in the IR-Cγ group, 0.2-fold in the STZ-Met group, and
0.4-fold in the STZ-Cγ group compared with their respective
control groups (Fig. 2a). In liver and muscle tissue, metformin
inhibits G6Pase through stimulation of AMP-activated protein
kinase (AMPK) [27]. It is possible that Cγ reduces G6pase
activity in a similar manner. It has also been reported that
metformin inhibits PEPCK gene expression through AMPK-
dependent regulation of the small heterodimer partner (SHP).
SHP is an orphan nuclear receptor that represses the

Fig. 2 Expression levels of G6pc (a), Fbp1 (b), and Pck1 (c) in insulin
resistance and diabetic groups. Data represent the mean ± standard error
of the mean in relative light units (RLU). Actb was used as a
housekeeping gene. *p < 0.05, **p < 0.01. Abbreviations: Actb beta
actin gene, Fbp1 Fructose-bisphosphatase 1 gene, G6pc Glucose-6-
phosphatase gene, IR-Ctrl insulin resistance control group, IR-Cγ insulin

resistance group treated with conglutin gamma, IR-Met insulin resistance
group treated with metformin, Pck1 Phosphoenolpyruvate carboxykinase
1 gene, SEM standard error of the mean, STZ-Ctrl streptozotocin control
group, STZ-Cγ streptozotocin group treated with conglutin gamma, STZ-
Met streptozotocin group treated with metformin
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transcription factors for G6Pase and PEPCK expression [27].
Here, we observed that metformin reduced Pck1 expression in
both IR-Met and STZ-Met groups. In contrast, Cγ only di-
minished Pck1 gene expression in the IR-Cγ group, while the
STZ-Cγ group showed a slight increase (Fig. 2c).

PEPCK gene regulation is a complex process where several
transcription factors and molecules are involved [28]. The ap-
parent discrepancy, in the diabetic treated groups, could be ex-
plained by the fact that in diabetes, insulin, glucagon, cAMP,
and glucocorticoids levels are involved in PEPCK expression
[28]. It can be speculated that Cγ can modify some of the
molecules involved in the regulation of PEPCK expression.
However, the results of this study are not enough to ascertain
that Cγ mechanism of action is the same as that of metformin.
Additional studies are required to elucidate Cγ mode of action.

Fbp1 gene expression increased by 2-fold in the IR-Met
group, 1.6-fold in the STZ-Met group, and 2.5-fold in the
STZ-Cγ group (Fig. 2b), but was reduced by 0.5-fold in the
IR-Cγ group. This reflects the differences in gene regulation
between PEPCK, G6Pase, and FBP1. While PEPCK and
G6Pase are regulated at the transcriptional level, FBP1 is reg-
ulated through inhibition of fructose-2,6-bisphosphate (F-2,6-
BP) [29]. Under hyperglycemic conditions, F-2,6-BP levels
are reduced, leading to augmentation of fructose-1,6-
bisphosphatase levels [20, 30]. In this respect, Fbp1 gene ex-
pression in the treated groups could be influenced by F-2,6-BP
levels; however, this hypothesis must be confirmed with fur-
ther experiments.

Conclusions

Overall, our present findings indicate that Cγ treatment re-
duced G6pc gene expression and diminishes GHP,
representing one of the diverse processes involved in the hy-
poglycemic effect of Cγ. This study also provides evidence
that the consumption of L. albus Cγ is a beneficial alternative
to manage patients with glucose metabolic disorders. Further
studies are necessary to investigate other potential Cγ targets.
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