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ABSTRACT — Glucose toxicity and lipotoxicity are important states in obesity and diabetes. We pre-
viously reported that thiamine supplementation decreases body weight and visceral fat mass in rats with 
obesity-related diabetes. Glucose-dependent insulinotropic polypeptide (GIP) acts on pancreatic β cells to 
promote insulin secretion. According to established theory, GIP is derived from the gastrointestinal tract. 
We previously discovered increased expression of the GIP gene in the livers of obese rats with diabe-
tes receiving high-dose thiamine. We referred to our previous dataset of gene expression analysis using a 
microarray for livers, which led to the new idea for the present study. We focused on “liver-derived GIP” 
to demonstrate GIP protein expression in the liver and visually present localization of GIP in the liver. 
Four-week-old male Otsuka Long-Evans Tokushima Fatty (OLETF) rats were randomly divided into two 
groups: an unsupplemented control group and a thiamine-supplemented group receiving 2 g of thiamine/L 
in drinking water for 51 weeks. GIP protein expression in the livers of OLETF rats at 55 weeks of age 
were determined by western blotting and immunohistochemical analysis. GIP protein expression in the 
liver was increased in thiamine-supplemented rats compared with that in controls, suggesting that it is 
involved in preventing and controlling obesity-related diabetic complications. The novel findings of this 
study that GIP is expressed in the liver, is likely to be added to the story regarding GIP modification of the 
obese diabetic state.
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INTRODUCTION

Glucose toxicity and lipotoxicity are important states 
in obesity and diabetes. Insulin resistance is influenced 
by diet, body weight, increased levels of triglycerides 
and obesity. The prevalence of obesity continues to mark-
edly increase worldwide (Ng et al., 2014; The GBD 
2015 Obesity Collaborators, 2017). The global epidem-
ic of obesity also heralds an epidemic of type 2 diabe-
tes, which has escalated health care costs related to the 

burden of associated complications (NCD Risk Factor  
Collaboration, 2016). Obesity is linked with type 2 dia-
betes in terms of increasing the risk of developing type 2 
diabetes and that of its associated morbidity (NCD Risk 
Factor Collaboration, 2016). We previously reported that 
thiamine (vitamin B1) treatment decreased body weight, 
visceral fat mass and adipocyte size in obesity-related 
diabetic rats (Tanaka et al., 2010; Kohda et al., 2012b). 
By definition, vitamins are exogenous organic compounds 
required in small amounts for metabolic processes. Thi-
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amine functions as a cofactor in the decarboxylation of 
keto acids and interconversion of glucose. It is widely 
found in foods but is abundant in relatively few, including 
pork, as well as grains and seeds with intact bran (Turck 
et al., 2016). Of note, heat during food preparation may 
affect thiamine function. 

Several studies have reported potential therapeutic 
applications for thiamine in treating diabetic complica-
tions (Raval et al., 2015; Kohda et al., 2008, 2009, 2010, 
2012a; Tanaka et al., 2010). In vitro studies have demon-
strated that thiamine decreases apoptosis induced by high 
glucose conditioned extracellular matrix in human reti-
nal pericytes, and a pilot study supported the use of high-
dose thiamine as a potential treatment for end-stage dia-
betic nephropathy (Rabbani et al., 2009; Beltramo et al., 
2009). 

Using obese diabetic rats, we previously reported that 
diabetic cardiomyopathy was alleviated by supplement-
ing high-dose thiamine (Tanaka et al., 2010). Our previ-
ous gene expression analysis of the livers of obese dia-
betic rats that received high-dose thiamine by microarray 
demonstrated the increased expression of the incretin glu-
cose-dependent insulinotropic polypeptide (GIP) gene  
(Tanaka et al., 2010; Kohda et al., 2012b). Body weight 
gain and increased visceral fat mass in obese diabet-
ic rats were suppressed by high-dose thiamine supple-
mentation (Tanaka et al., 2010). Although GIP is thought 
to be an obesity hormone or a cause of type 2 diabetes 
(Marks, 2006), we discovered that GIP gene expression 

was increased in the liver, despite decreased fat accumu-
lation and obesity (Kohda et al., 2012b). 

Incretin GIP, secreted from the small intestine, acts on 
pancreatic β cells to promote insulin secretion (Gautier  
et al., 2005; Baggio and Drucker, 2007). According to 
the established theory, GIP derives from the gastrointes-
tinal tract. Interestingly, we found that GIP gene expres-
sion was increased in the rat liver (Fig. 1, Modified from 
Kohda et al., 2012b). We referred to our previous dataset 
of gene expression analysis using a microarray for livers 
(Tanaka et al., 2010; Kohda et al., 2012b), which led to 
the new idea for the present study. 

We are setting a new research question “Does liv-
er-derived incretin GIP exist?” In the present study, we 
advance the findings of our previous study by focusing on 
the location of GIP protein expression in the liver. 

MATERIALS AND METHODS

Chemicals
Thiamine hydrochloride was supplied by Kishida 

Chemical Co., Ltd (Osaka, Japan). Antibodies used were 
as follows: anti-GIP, anti-β-actin, horseradish peroxi-
dase (HRP)-conjugated anti-mouse and anti-rabbit IgG  
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). Mam-
malian tissue lysis and extraction reagent was purchased 
from Sigma (MO, USA). Protease inhibitor cocktail and 
phosphatase inhibitor cocktail were supplied by Nacalai  
Tesque (Kyoto, Japan). All other chemicals used were of 

Fig. 1. Focusing on the glucose-dependent insulinotropic polypeptide (GIP) expression in the liver. Increased expression of the GIP 
gene in the livers of Otsuka Long-Evans Tokushima Fatty (OLETF) rats receiving 0.2% thiamine in the drinking water for 
51 weeks. Transcript expression of the Gip was analyzed by microarray. Transcript expression of the Gip in livers of high-
dose thiamine-supplemented rats was higher than in control OLETF rats at 55 weeks (55W) of age. Modified from Tanaka 
et al., 2010; Kohda et al., 2012b. 
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the highest purity and were from Wako Pure Chemical 
Industries, Ltd. (Osaka, Japan). 

Animals and experimental design
We previously found that thiamine mitigates obes-

ity and diabetic complications in Otsuka Long-Evans 
Tokushima Fatty (OLETF) rats that exhibit progressive 
obesity and metabolic disorders (Tanaka et al., 2010). In 
this experiment, we used a liver tissue sampling frame 
previously described (Tanaka et al., 2010).

Four-week-old male OLETF rats were randomly divid-
ed into two groups, an unsupplemented control group and 
a thiamine-supplemented group. The high-dose thiamine-
supplemented group received 2 g thiamine/L in drinking 
water for 51 weeks. Experimental protocols and animal 
care methods were approved by the Experimental Animal 
Research Committee at Osaka University of Pharmaceuti-
cal Sciences.

Preparation of the protein extraction solution 
from rat livers 

A liver weight of 300 mg tissue was homogenized at 
4°C in 450 μL tissue lysis and extraction reagent with a 
protease inhibitor cocktail and a phosphatase inhibitor 
cocktail. Homogenates were centrifuged at 15,000 rpm 
for 15 min, and supernatants were used for western blot 
analysis to examine the expression of GIP protein. Pro-
tein determinations were performed using Lowry’s meth-
od (Bio-Rad, Hercules, CA, USA) with bovine serum 
albumin as a standard. 

Western blot analysis
Protein samples were separated by 10-20% gradi-

ent SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Proteins were transferred to polyvinylidene dif-
luoride membranes. Membranes were blocked with 0.3% 
skimmed milk in buffer containing 50 mM Tris-HCl  
(pH 7.4), 150 mM NaCl, and 0.1% Tween 20 (TBST) 
for 1 h at room temperature. The membranes were then 
incubated with the specific primary antibodies anti-GIP 
and anti-β-actin in TBST overnight at 4°C. Membranes 
were washed 3 times in TBST to remove unbound anti-
bodies. They were then incubated with HRP-conjugated 
secondary antibody in TBST for 1 hr at room tempera-
ture. Chemiluminescence was detected by a LAS-3000 
machine (Fuji Film Corp., Tokyo) using an enhanced 
chemiluminescence reagent (Chemi-Lumi One; Nacalai 
Tesque, Kyoto). The expression of β-actin was used as an 
internal standard.

Immunohistochemistry 
In this experiment, we used the liver tissue sampling 

frame as previously reported for OLETF rats. Briefly, the 
liver organs were removed, immediately fixed in 10% 
phosphate-buffered formalin solution and then embedded 
in paraffin. Paraffin-embedded sections were immunohis-
tochemically stained to study the localization of GIP in 
the liver at a contracted pathological laboratory (Kyodo 
Byori Inc., Kobe, Japan). Anti-GIP antibody was used to 
determine whether GIP protein was present in the small 
intestine.

Statistical analysis
Statistical analyses were performed using the  

Microsoft Excel Data Analysis ToolPac (Statcel2, OMS 
Publish Inc., Tokyo, Japan). Group comparisons were 
performed using a 2-tailed Student’s t-test. P < 0.05 was 
considered statistically significant. Data are expressed as 
the mean ± S.E.

RESULTS

Hepatic GIP protein expression in obese diabetic 
rats during the suppression of obesity

Although we previously reported that the GIP gene 
is expressed in the livers of OLETF rats (Kohda et al., 
2012b), no report has been published on GIP protein 
expression in the liver of obese diabetic rats. Therefore, 
in the present study, GIP protein expression was analyzed 
in the livers of obese diabetic rats by western blotting. An 
anti-GIP antibody-positive band indicating GIP protein 
was detected in control rat livers and in rats that received 
high-dose thiamine supplementation (Fig. 2A). GIP pro-
tein expression was increased in thiamine-supplemented 
rats despite the suppression of obesity and diabetic com-
plications (Fig. 2B).

Effect of thiamine on the localization of GIP 
protein in the liver of obese diabetic rats

GIP was immunohistochemically stained to visual-
ize its localization in the liver. The present study clear-
ly demonstrated the localization of GIP in the livers of 
obese diabetic OLETF rats. At the age of 55 weeks, high-
dose thiamine-supplemented OLETF rats had increased 
GIP protein expression compared with control OLETF 
rats (Fig. 3A and 3B).

 
DISCUSSION

In the present study, we focused on obesity and GIP 
expression in the livers of diabetic rats. In obese diabet-
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ic rats suffering from obesity-related diabetic complica-
tions, body weight gain and increased visceral fat mass 
were suppressed and fat accumulation in the livers was 
alleviated by thiamine supplementation (Tanaka et al., 
2010). Our previous study demonstrated the increased 
expression of the GIP gene in the livers of thiamine-sup-
plemented rats (Kohda et al., 2012b). In addition, we pre-
viously reported that the streptozotocin-induced diabet-
ic state triggered GIP expression in rat livers (Kohda et 
al., 2016). GIP and GIP receptor expressions in the reti-
nas of diabetic rats, as previously reported, suggest GIP 
is derived from tissues other than the gastrointestinal 
tract (Cho et al., 2002). During the gradual impairment 
of mouse pancreatic β cells, GIP alleviates the impaired 
insulin secretion, suggesting the existence of pancreatic 
GIP as an incretin not derived from the gastrointestinal 
tract (Iida et al., 2016). However, no report has reported 
GIP expression in the liver of obese diabetic rats. There-
fore, in the present study, GIP protein expression was ana-
lyzed in the livers of obese diabetic rats by western blot-
ting. An anti-GIP antibody-positive band was detected in 

control and thiamine-supplemented, suggesting the exist-
ence of hepatic GIP. Hepatic GIP protein expression was 
increased in thiamine-supplemented rats compared with 
controls. Immunohistochemical analysis indicated GIP 
was expressed in the liver. Thus, GIP gene and protein 
expression in the liver may modify and be involved in the 
improvement of obesity-related diabetic complications. 

GIP is also thought to be an obesity hormone and 
cause of type 2 diabetes, because increased GIP signal-
ing promotes fat accumulation in adipose tissue through 

Fig. 2. Glucose-dependent insulinotropic polypeptide (GIP) 
expression of the liver in control and thiamine-sup-
plemented Otsuka Long-Evans Tokushima Fatty 
(OLETF) rats at 55 weeks of age. Liver samples were 
subjected to SDS-PAGE followed by western blot 
analysis with a specific antibody against GIP (A). Data 
were normalized by β-actin expression and expressed 
as arbitrary units (B). Thiamine-supplemented groups 
received 0.2% thiamine in the drinking water for 51 
weeks. Each value represents the mean ± S.E. n = 4 
per group. 

Fig. 3. Effect of thiamine supplementation on glucose-
dependent insulinotropic polypeptide (GIP) protein 
expression in the livers of obese diabetic rats. Immu-
nohistochemistry assay was performed to detect the 
protein expression of GIP in the livers of OLETF rats. 
At 55 weeks of age, high-dose thiamine-supplemented 
OLETF rats (B) had increased GIP protein expression 
compared with water treated OLETF rats (A). The thi-
amine-supplemented group received 0.2% thiamine in 
the drinking water for 51 weeks. Scale bar = 50 μm.

Vol. 4 No. 6

282

Y. Kohda et al.



lipid oxidation (Mark, 2006). Our previous study demon-
strated that GIP gene expression was increased in the liv-
ers of obese diabetic rats, despite the alleviation of obes-
ity, by supplementing with high-dose thiamine (Tanaka 
et al., 2010; Kohda et al., 2012b). To date, no study has 
reported the effects of GIP on liver function. Incretin GIP 
derived from the gastrointestinal tract has fat-accumulat-
ing effects on adipocytes, and, therefore, is called an obes-
ity hormone (Yip and Wolfe, 2000; Getty-Kaushik et al., 
2006). As previously reported, GIP activates lipoprotein 
lipase (Kim et al., 2007), suggesting that GIP expressed 
in the liver may be involved in gluco-lipid metabolism. 

The current study reports a new concept related to the 
expression of GIP in the liver of obese diabetic rats. In 
future studies, we will elucidate the mechanism of GIP 
expression in the liver and the effects of GIP on obesi-
ty and diabetic complications. In addition, we will exam-
ine the hepatoprotective and obesity-preventing effects of 
GIP expressed in the liver to establish a method to pre-
vent and treat obesity, diabetes-related liver diseases, and 
diabetic complications. 

Gut-derived incretin GIP enhances insulin secre-
tion. The relationship between GIP expression, likely to 
be derived from the liver, and insulin secretion remains 
unknown, necessitating further study. Interestingly, we 
reported that GIP was expressed only in the livers of 
streptozotocin-treated rats under non-hyperglycemic con-
ditions (Kohda et al., 2016). We would like to examine 
the effects of liver GIP expression on pancreatic β cells 
and livers in the obese-diabetic state. Liver-derived incre-
tin GIP should be further investigated to clarify its mech-
anisms to improve pancreatic β-cell functions, normal-
ize insulin secretion, and achieve blood glucose control in 
obese diabetes, thereby establishing a method to prevent 
and treat obesity and diabetic complications by targeting 
the liver. The absorption of thiamine from food, dietary 
supplements and medicines might be important in pre-
venting and controlling obesity-related metabolic compli-
cations. 
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