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NaF treatment increases TNF-a and resistin concentrations and reduces insulin
signal in rats
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A B S T R A C T

The use of fluoridated products has significantly contributed to the reduction in rates of dental caries.

However, excessive sodium fluoride (NaF) intake promotes inhibition of glycolysis, decrease in insulin

secretion, hyperglycemia, and insulin resistance. Seven-week-old castrated male Wistar rats were used

to evaluate the chronic effect of NaF on insulin sensitivity, insulin signal transduction in white adipose

tissue (WAT), and plasma TNF-a and resistin concentrations. The animals were randomly divided into

two groups: (1) control group (CN); (2) fluoride (F) group, which was treated with NaF in the drinking

water and F in the food pellets (estimated total F intake: 4.0 mg/kg bw/day). After 42 days, an

intravenous insulin tolerance test (0.75 U/kg), plasma TNF-a and resistin quantification analysis, and

insulin receptor substrate (pp185 – IRS-1/IRS-2) tyrosine phosphorylation and IRS-1 serine

phosphorylation status tests in WAT were performed. The chronic treatment with F promoted: (1)

decrease in pp185 (IRS-1/IRS-2) tyrosine phosphorylation status in the WAT; (2) increase in IRS-1 serine

phosphorylation status in the WAT; (3) increase in plasma concentrations of TNF-a and resistin; and (4)

decrease in insulin sensitivity.

� 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Over the last few years there has been a significant reduction in
the incidence of dental caries in several regions of the world. This
fact has been attributed to the exposure of the populace to
fluoridated products [1]. However, excessive ingestion of fluoride
(F) causes acute or chronic toxicity such as dental fluorosis [2] or
alterations in the carbohydrate metabolism [3–6]. Furthermore,
elevated serum F concentration is associated with the inhibition of
glycolysis [7], hyperglycemia [5], and depletion of hepatic and
muscular glycogen [7,8].

Rigalli et al. [3] found diminished insulin secretion both in
human patients and in rats that ingested high doses of NaF. Trivedi
et al. [9] showed that 40% of patients with endemic fluorosis had
impaired glucose tolerance, but this anomaly was reversed by
removing excess F from the drinking water. In 1995, Rigalli et al. [4]
showed that when plasma NaF exceeds 5 mmol/l, it affects glucose
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homeostasis. In 1997, De La Sota et al. [10] showed that glucose
tolerance tests on residents in an endemic fluorosis area indicated
that plasma insulin levels as a function of time were inversely
correlated with fluoremia. Xie et al. [11] reported that higher
plasma glucose levels and a delay in the peak plasma insulin were
observed after glucose tolerance test in people with high F intake.
Our previous studies [6], using the same experimental model as in
the present study showed that chronic fluoride intake (4.0 mg F/
kg bw/day) decreases both insulin signal in the rat muscle tissue
and insulin sensitivity measured by the HOMA-IR index.

Several studies have demonstrated that the adipose tissue has
an important role in the energetic metabolism, since this tissue
produces adipokines that alter insulin sensitivity, such as TNF-a
and resistin.The first cytokine to be described as being increased in
fat cells of obese animals and humans was tumor necrosis factor-a
(TNF-a) [12]. In vitro and in vivo studies have shown that TNF-a
may be related to a deficiency in insulin-stimulated glucose uptake
[13–16]. Hotamisligil et al. [12] showed that the neutralization of
the effects of TNF-a in obese rats significantly increased the
peripheral uptake of glucose in response to insulin, indicating that
TNF-a can play an important role in obesity and particularly in
insulin resistance and diabetes that often accompany obesity. In
another study, carried out on genetically obese mice, Uysal et al.
[17] observed that mice lacking the TNF-a receptor showed an
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increase in insulin sensitivity. Moreover, Lumeng et al. [18] verified
that TNF-a can block insulin action in adipocytes via down-
regulation of GLUT4 and IRS-1, leading to a decrease in Akt
phosphorylation and impaired insulin-stimulated GLUT4 translo-
cation to the plasma membrane.

Resistin has also been implicated in the pathogenesis of
obesity-mediated insulin resistance and type II diabetes
mellitus. Banerjee et al. [19] observed that mice deficient in
resistin had low blood glucose levels after fasting and reduced
hepatic glucose production due to a decrease in gluconeogenic
enzymes in the liver, suggesting that resistin plays an important
role in the maintenance of blood glucose during fasting.
Hivert et al. [20] observed in a cross-sectional study of 2356
individuals with and without metabolic syndrome that adverse
levels of the adipokines adiponectin, resistin, and TNF-a are
associated with insulin resistance. It was observed that elevated
levels of resistin and TNF-a had an additive effect in patients
with metabolic syndrome, resulting in higher levels of insulin
resistance.

A study using mice that produce resistin similar to that found
in humans (humanized resistin mice), showed that a high-fat
diet resulted in a significant decrease in insulin-stimulated
glucose uptake in the skeletal muscle and WAT. In addition,
WAT developed inflammation, inducing lipolysis and an increase
in serum free fatty acids, contributing to an increase in insulin
resistance [21]. Moreover, Steppan et al. [22] reported that
obese mice had high resistin levels and these levels were
reduced by anti-diabetic drugs of the thiazolidinediones class,
suggesting that resistin may cause insulin resistance. Further-
more, it was observed that administration of anti-resistin
antibody improves blood glucose and insulin action in mice
with diet-induced obesity [22]. The literature indicates that
resistin and TNF-a may have an important role in insulin
resistance. Given that chronic treatment with F can interfere
with carbohydrate metabolism, the aim of this study was to
examine the chronic effect of elevated NaF exposure in a rat
model on insulin sensitivity, insulin signal transduction in the
WAT, and resistin and TNF-a concentrations in the plasma.

2. Material and methods

2.1. Animals

All experimental procedures were approved by the Institu-
tional Committee on Animal Research and Ethics (Protocol No.
2006-08802). Four-week-old male Wistar rats were kept on a 12/
12 h light/dark cycle (lights on at 0700) and room temperature of
23 � 2 8C, with free access to a regular laboratory rat diet (LABINA
Indústria de rações do Brasil LTDA, Paulı́nia, Brasil) and water
(containing NaF or NaCl). The rats were castrated to avoid any
influence of testosterone. After 21 days, 52 7-week-old castrated rats
were divided into two groups: the control group (n = 26) received an
average of 76.4 mg/l NaCl in their drinking water throughout the
experiment; the F group (n = 26) received an average of 54.9 mg/l
NaF in their drinking water throughout the experiment plus F
present in the food pellets (total estimated F intake = 4.0 mg F/
kg bw/day, resulting from 3.1 mg F/kg bw/day from drinking water
and 0.9 mg/kg per day from diet). During the next 42 days, body
weight and daily volume of water consumed per rat in the F group
were measured every 2 or 3 days. At the end of this period, the
control and F group rats were fasted for 14 h from food and deprived
for 4 h from the NaF solution before the day of the experimental
measurements to avoid an acute F effect. The F and control groups
were then anesthetized with sodium thiopental (Thiopental1 3%,
5 mg/100 g bw, i.p.). Each group was divided into three subgroups for
the intravenous insulin tolerance test, the determination of the
phosphorylation status of the insulin receptor substrate and the
quantification of TNF-a and resistin plasma concentrations. Ten
control and 10 F-treated rats were submitted to the intravenous
insulin tolerance test (0.75 U insulin/kg bw). Six control and six F-
treated rats were used to quantify the pp185 (IRS-1/IRS-2) tyrosine
phosphorylation status and IRS-1 serine phosphorylation status in
the WAT after regular human insulin (1.5 U, i.v.) administration.
Median laparotomy was performed in 10 control and 10 F-treated
rats, and blood was collected from the inferior vena cava. The plasma
was stored at �70 8C until quantification of plasma concentrations of
TNF-a and resistin.

2.2. Short intravenous insulin tolerance test (ITT)

The tests were performed in the morning after a 12 h fast. The
animals were anesthetized and the right jugular vein was
cannulated under anesthesia by introducing a Silastic cannula
close to the atrium (superior vena cava). This cannula was used to
inject the 0.75 U/kg dose of insulin. Blood samples (about 50 ml)
were collected from the tail at 0 (before insulin injection), 4, 8, 12,
and 16 min (after insulin injection) and glycemia was measured
using a glycemia monitor (One Touch Ultra; Johnson &Johnson,
USA). The results were analyzed by comparison of the rate
constant for glucose disappearance (Kitt) from 0 to 16 min of the
test. The Kitt was calculated using the formula 0.693/t1/2. The
glucose t1/2 was calculated from the slope of the least square
analysis of the plasma glucose concentration during the linear
decay phase [23].

2.3. Assessment of the insulin receptor substrate (pp185 – IRS-1/IRS-

2) tyrosine phosphorylation status and IRS-1 serine phosphorylation

status

These tests were performed according to the method described
by Carvalho et al. [24]. Two minutes after i.v. injection with human
insulin a sample of WAT was extracted. This tissue sample was
then treated by the western blotting method to quantify the
tyrosine phosphorylation status of pp185 using an anti-phospho-
tyrosine antibody (Santa Cruz Technology, Santa Cruz, CA) and the
IRS-1 serine phosphorylation status using an anti-IRS-1 phospho-
serine antibody (Upstate, NY, USA).

2.4. Determination of TNF-a and resistin by enzyme-linked

immunosorbent assay (ELISA)

Blood samples were collected from the inferior vena cava to
measure plasma TNF-a and resistin concentrations. After centri-
fugation, supernatant was collected and maintained at �70 8C until
use. The 96-well plate was coated with monoclonal antibody to
TNF-a and resistin. Samples and recombinant TNF-a and resistin
were added to the wells and after 2 h, unbound proteins were
washed away, and an enzyme-linked polyclonal antibody was
added to the wells; this antibody acted as a link between TNF-a
and resistin and the dye, whereby a color change proportional to
the amount of TNF-a and resistin was observed. This color change
was quantified by comparing the optical densities of the samples to
those of known dilutions using a plate reader at 450 nm. The
concentrations of TNF-a and resistin were calculated from
standard curves in pg/ml and ng/ml, respectively.

2.5. Statistical analysis

All numerical values are presented as means � SEM. Statistical
analysis was done by the Student’s t-test for non-paired samples, and
differences between two groups were considered significant when
p < 0.05.



Fig. 1. Insulin-stimulated tyrosine phosphorylation status of pp185 (IRS-1/IRS-2) and insulin-stimulated serine phosphorylation status of IRS-1 in white adipose tissue (WAT)

of control and F groups, before (�) and after (+) insulin infusion. In (A) and (B), typical autoradiogram of insulin-stimulated tyrosine phosphorylation status of pp185 (IRS-1/

IRS-2) and serine phosphorylation status of IRS-1 in WAT, respectively. (C) and (D) Data after insulin infusion, expressed in arbitrary units per mg of protein (mean � SEM,

n = 6). *p < 0.05 compared to control group.
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3. Results

Fig. 1A and B shows a typical autoradiogram of the insulin-
stimulated tyrosine phosphorylation status of pp185 (IRS-1/IRS-2)
and serine phosphorylation status of IRS-1 in the WAT, respec-
tively. Fig. 1C and D shows the data expressed in arbitrary units per
mg of protein. After insulin infusion, the F group showed: (1) a
decrease in pp185 tyrosine phosphorylation status compared to
the control group, and (2) an increase in IRS-1 serine phosphory-
lation status compared to the control group.

Table 1 shows the glucose disappearance rate (Kitt), during the
insulin tolerance test performed in the first 16 min after hormone
infusion in the control and F groups. The group treated with
sodium fluoride (F group) showed a glucose rate of disappearance
(Kitt) significantly lower than the control group (CN group). As seen
in Table 1, F-treated rats exhibited a significant increase in plasma
concentration of resistin and TNF-a in comparison with the control
group.

4. Discussion

The present study demonstrated that chronic treatment with
NaF decreases the insulin signal in rats by reducing the pp185
tyrosine phosphorylation status (IRS-1/IRS-2) and increasing the
IRS-1 serine phosphorylation status after insulin stimulus in the
WAT. Previous in vivo studies of Chiba et al. [6] also demonstrated
that chronic treatment with NaF induced a decrease in the pp185
tyrosine phosphorylation status in the muscle tissue of rats after
insulin stimulation. These results are in agreement with an in vitro

study using rat muscle tissue and human placenta, which showed
that F decreased the insulin-induced tyrosine auto-phosphoryla-
tion of insulin receptors [25]. On the other hand, the study of
Chehoud et al. [5], which utilized acute treatment with NaF, did not
Table 1
Glucose disappearance rate (Kitt), and plasma resistin and TNF-a in control and

fluoride groups [mean (�CV) � SEM, n = 10].

Parameter Control group Fluoride group

Kitt 3.107 (�0.17) + 0.1652 1.994 (�0.23) + 0.1447*

Resistin (ng/ml) 0.5437 (�0.30) + 0.0523 0.9315 (�0.35) + 0.1040*

TNF-a (pg/ml) 7.183 (�0.09) + 0.1961 7.842 (�0.08) + 0.1902*

CV = coefficient of variation.
* p < 0.05 compared to control group.
report any alterations in the pp185 tyrosine phosphorylation
status after insulin stimulus in either gastrocnemius muscle or
WAT in rats. This disagreement can be at least partly explained by
the difference in methodology used between these studies and the
present study. Our results showed an increase in the IRS-1 serine
phosphorylation status in the WAT (Fig. 1), resulting in attenuation
of insulin signal transmission by reducing the capacity of the
insulin receptor to phosphorylate tyrosine residues after insulin
stimulation. This inhibitory phosphorylation causes negative
feedback in insulin signaling and can promote insulin resistance
[26,27].

In view of the present results, it is possible to suggest that both
the decrease in the pp185 tyrosine phosphorylation status and the
increase in the IRS-1 serine phosphorylation status in the WAT may
have favored the decrease in insulin sensitivity in the F group
(Table 1).

The increase in plasma resistin and TNF-a may have caused, as
mentioned above, the decrease in pp185 tyrosine (IRS-1/IRS-2)
phosphorylation status and the increase in the phosphorylation
status of IRS-1 serine in this tissue. These results are in agreement
with studies suggesting that TNF-a can alter the insulin signal
transmission through an increase in the IRS-1 serine phosphoryla-
tion status and possibly in other IRS proteins [26,28–30]. Similar
results were also presented in in vitro studies by Lumeng et al. [18],
which demonstrated that TNF-a can block insulin action in
adipocytes by altering the expression of signaling and glucose
transport proteins. By examining adipocyte insulin signaling under
the influence of macrophage-derived factors, these researchers
identified a decrease in IRS tyrosine phosphorylation and a mild
reduction in Akt phosphorylation. These alterations were partially
restored after treatment with anti-TNF-a antibodies.

Studies carried out on TNF-a-deficient mice demonstrated that
these animals showed significantly improved insulin sensitivity,
even when placed on a high fat diet. This indicated that in the
absence of TNF-a, the signaling capacity of the insulin receptor is
significantly protected from obesity-induced downregulation of
this cytokine in WAT and muscle tissues [31]. Moreover, Veledo
et al. [32] also observed that chronic treatment with TNF-a induces
serine phosphorylation of IRS-1 and a decrease in insulin-
stimulated IRS-1 tyrosine phosphorylation in human visceral
adipocytes. This induction is JNK1/2-dependent, suggesting that
activation of JNK1/2 is involved in serine phosphorylation of IRS-1,
and consequently in insulin resistance on glucose uptake. Our
results, supported by these previous findings, indicate that TNF-a
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is a significant contributor to the attenuation of insulin action and
development of insulin resistance.

Qatanani et al. [21] observed in studies carried out on
humanized resistin mice that, when placed on a high-fat diet,
these animals showed an increase in WAT resistin expression.
These humanized resistin mice also showed a general decrease in
insulin sensitivity in insulin tolerance tests, elevated serum insulin
levels, impairment of glucose metabolism revealed by the glucose-
tolerance test, an increase in serine phosphorylation of IRS-1 in
WAT, and a decrease in tyrosine phosphorylation of IRS-1 in
muscle and WAT, indicating a relationship between resistin levels
and insulin resistance. Banerjee et al. [19] also observed that
animals deficient in resistin had improved glucose tolerance and a
reduced increase in post-fast blood glucose normally associated
with obesity, suggesting a role for resistin in mediating hypergly-
cemia associated with increased weight.

In a study performed on a community-based cohort, Hivert et al.
[20] evaluated the relationship between adipokine levels and
insulin resistance, and showed a significant association between
resistin and HOMA-IR. This association persisted even after
adjustment for body mass index, metabolic syndrome, and
adiponectin and TNF-a levels, suggesting a possible link between
resistin and insulin resistance. Our results are consistent with
these observations, as we observed that rats chronically treated
with NaF showed an increase in plasma resistin and a decrease in
insulin sensitivity. However, other studies are not in agreement
with these results, showing significantly reduced resistin expres-
sion in different models of obesity [33].

Menoyo et al. [34] demonstrated that acute treatment of rats
with F from a single dose of NaF (16.8 mg/kg bw) induces insulin
resistance. Recently, Chiba et al. [6] used the same experimental
model of the present study and evaluated the index of HOMA-IR
(homeostasis model assessment of insulin resistance), observing
that chronic intake of F promotes a decrease in insulin sensitivity in
rats. Our results are in agreement with this study, which verified
insulin resistance in the F-treated group compared to the control,
using the short intravenous insulin tolerance test (Table 1). In
contrast, Chehoud et al. [5] found that treatment of rats with a
single dose of NaF (1.0 mg F/kg bw) by gavage did not change
insulin sensitivity. This divergence in results may be due to the
difference in the dose of NaF used.

In the present study, the F dose used was 20 times higher than
the proposed maximum allowable value a child can ingest through
diet (0.045 mg F/kg bw/day) and during tooth brushing (0.155 mg
F/kg bw/day) with a fluoridated dentifrice [35]. This dose was
adopted from the Rigalli et al. [3] studies in humans and in rats, in
which the authors increased the fluoride dose in rats by this
proportion to attain a similar plasmatic peak in the two models.
The requirement for a higher dose in rats is probably due to the
faster bone turnover rate in rats compared to humans. In our study,
the calculation of F concentration in the drinking water was based
on the body weight and daily volume of water consumed per rat.

Studies carried out in children [35] have shown that the
dentifrice is the main source of fluoride intake, exceeding the daily
intake limit able to prevent unwanted degrees of dental fluorosis,
which is estimated at around 0.05–0.07 mg F/kg bw/day [2].
Therefore, knowing that chronic NaF intake can alter the
carbohydrate metabolism, the use of dentifrices with lower
fluoride content is recommended, mainly for diabetic children,
for whom excessive fluoride ingestion can lead to health
impairment.

In vitro studies using a more acidified toothpaste with F
concentrations of 550 mg/g (pH 4.5) [36] and 550 mg/g (pH 5.5)
[37] observed that these acidified toothpastes had the same
anticariogenic effectiveness as neutral toothpastes (pH 7.0) with
1100 mg/g of F. Vilhena et al. [38] showed in a study performed on
4-year-old schoolchildren living in a fluoridated area, that low-
fluoride acidified liquid dentifrice with 550 mg/g (pH 4.5) seems to
lead to similar caries progression rates compared to conventional
toothpaste with 1100 mg/g (pH 7.0) of F. These acidified tooth-
pastes with low F concentration would be a better option for young
children who often ingest large amounts of toothpaste, with a
major impact on the health of diabetic children.

5. Conclusions

Based on the present results, we can conclude that chronic
treatment with NaF promoted: (1) a decrease in the pp185 (IRS-1/
IRS-2) tyrosine phosphorylation status in the WAT; (2) an increase
in the IRS-1 serine phosphorylation status in the WAT; (3) an
increase in plasma concentrations of TNF-a and resistin; (4) a
decrease in insulin sensitivity. Therefore, knowing that chronic
NaF intake is capable of decreasing insulin signal and causing
insulin resistance, the use of dentifrices with lower F content is
recommended, especially for diabetic children, for whom excessive
F consumption may lead to health implications.
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