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Abstract. We investigated whether betaine has any regressive effect on existing high fructose diet
(HFrD)-induced insulin resistance, dyslipidemia, inflammation as well as hepatic steatosis and
oxidative stress. Rats were fed a HFrD containing 60% fructose for 8 weeks. After 8 weeks, rats were
divided into two groups and fed a control diet for an additional 4-week period (regression groups).
One of the regression groups received drinking water containing betaine (1%; w/v), having antioxi-
dant and anti-inflammatory actions. HFrD feeding caused insulin resistance, elevated triglyceride
(TG) and tumor necrosis factor-alfa (TNF-a) levels, alanine aminotransferase (ALT) and aspartate
transaminase (AST) activities in serum. This diet increased hepatic TG, thiobarbituric acid reactive
substances (TBARS) and diene conjugate (DC) levels, decreased superoxide dismutase (SOD) and
glutathione peroxidase (GSH-Px) activities. Marked macro-vesicular steatosis were detected. Serum
TNF-a and ALT, hepatic TG, TBARS and DC levels and steatosis scores decreased in regression pe-
riod of HFrD-fed rats. Additionally, serum TNF-a, hepatic TG, TBARS and DC levels significantly
lower in betaine-treated regressed rats than non-treated regressed group. Our results indicate that
betaine treatment may accelerate regression of HFrD-induced hepatic TG accumulation and oxida-

tive stress in rats.
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Introduction

Metabolic syndrome (MetS) causes high morbidity and
mortality because of its cardio-metabolic complications.
This syndrome is characterized by glucose intolerance,
insulin resistance, dyslipidemia, hypertension, and non-
alcoholic fatty liver (NAFLD) disease (Aydin et al. 2014).
The increased consumption of fructose, commonly used
processed food and soft drinks, is one of important factors
contributing to the high prevalence of the MetS (Zhang et
al. 2017). Fructose, a highly lipogenic nutrient is primar-
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ily metabolized in liver. The exposure of the liver to high
levels of fructose metabolism stimulates lipogenesis and
causes triglyceride accumulation as well as glucose intoler-
ance and insulin resistance (IR) (Zhang et al. 2017). It has
been found that oxidative stress and inflammation play an
important role in the pathogenesis of HFrD-induced meta-
bolic changes (Jegatheesan and De Bandt 2017; Zhang et al.
2017). Based on these findings, several investigators have
proposed the usage of antioxidant compounds to prevent
HFrD-induced metabolic changes (Mohammed Salih et al.
2009; Castro et al. 2013; Giris et al. 2014; Prabhakar et al.
2015; Sil et al. 2015).

Betaine (trimethylglycine) is a choline metabolite
formed in liver by the activities of choline dehydrogenase
and betaine aldehyde dehydrogenase. Also, vegetables
are alimentary sources of betaine (Ueland et al. 2005).
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Betaine functions as an osmolyte and methyl group donor
in methionine-homocysteine cycle. It has antioxidant and
anti-inflammatory actions (Ueland et al. 2005; Day and
Kempson 2016). It has been reported that betaine per se
does not have a direct antioxidant activity, and that inhibi-
tion of oxidative stress by betaine is most probably related to
its effect on the metabolism of sulfur-containing substances
in the liver (Kim et al. 2009; Zhang et al. 2016). Indeed,
betaine treatment increases S-adenosylmethionine (SAM)
and glutathione (GSH) levels (Kim et al. 2009; Jung et al.
2013) and decreases homocysteine (Hcy) levels (Ueland
et al. 2005). Additionally, betaine could form a protective
membrane by hydrophobic interactions with phospho-
lipids, thereby preventing the contact of free radicals
with membranes (Zhang et al. 2016). Upon these effects,
betaine is accepted as a hepatoprotective agent (Day and
Kempson 2016). Indeed, betaine treatment is reported to
have ameliorative effect in alcoholic (Balkan et al. 2004;
Jung et al. 2013) and non-alcoholic fatty liver (Song et al.
2007; Kwon et al. 2009; Wang et al. 2010; Ge et al. 2016),
necrotic (Balkan et al. 2005; Ahn et al. 2014; Kusku-Kiraz
etal. 2018) and fibrotic (Kim et al. 2009; Bingiil et al. 2016)
lesions in the liver.

Some investigators were studied the effect of betaine on
HFrD-induced metabolic changes in animals (Song et al.
2007; Fan et al. 2014; Ge et al. 2016).These studies have usu-
ally done to examine the preventive potential of betaine on
the development of MetS. However, its regressive potential
on HFrD-induced disturbances is unknown. In our study,
rats were treated with/without betaine in drinking water for
4 weeks after the cessation of HFrD treatment for 8-week
period. Thus we aimed to investigate the regressive potential
of betaine by determining the changes in insulin resistance,
lipids, hepatic oxidative stress parameters and histopathol-
ogy in HFrD-fed rats.

Materials and Methods

Chemicals

Betaine anhydrous and other chemicals were purchased from
Sigma-Aldrich (St Louis, Missouri, USA).

Animals and diets

Male Sprague Dawley rats weighing 190-210 g were used in
the study. They were obtained from the Aziz Sancar Experi-
mental and Medical Research Institute of Istanbul University.
All the animals were housed (two or three per cage) under
12/12-h light/dark cycle. The experimental procedure used
in this study met the guidelines of the Animal Care and Use
Committee of the Istanbul University.

HFrD (60% fructose diet; TD.89247) and carbohydrate
control diet (TD.05075) were purchased from Harlan
Teklad (Madison, WI, USA). The HFrD contained 20.7%
protein as casein, 0.3% DL-methionine, 5% fat (as lard),
60% carbohydrates as fructose, 8% cellulose, 0.004% zinc
carbonate, 5% mineral mix (170760; R-H) and 1% vitamin
mix as per weight basis (40060; Teklad). The control diet was
an isocaloric modification of HFrD to replace fructose with
starch (20.7% casein, 0.3% DL-methionine, 5% lard, 45.6%
corn starch, 20% maltodextrin, 2.4% cellulose, 0.004% zinc
carbonate, 5% mineral mix (170760; R-H) and 1% vitamin
mix as per weight basis).

Experimental design

Experimental metabolic syndrome was induced by feeding
the rats with HFrD for 8 weeks as in our previous study (Giris
etal. 2014). After 8 weeks, 8 animals selected randomly were
killed (HFrD group). The remaining 16 rats were divided into
2 groups and changed to control diet for an additional 4-week
period (regression groups) One of the regression groups
received drinking water containing betaine (1%, w/v) in
this period. Food and drinking water intake were controlled
periodically to avoid differences between groups in the
amount of consumed food and drinking water. Considering
the daily water consumption, betaine intake was calculated as
approximately 1 g/kg/day. This dose was chosen according to
previous studies (Balkan et al. 2005; Song et al. 2007; Kim et
al. 2009; Kwon et al. 2009). In addition, 12 age-matched rats
were used as a control and betaine-treated control groups
(n = 6, each group).

At the end of this period, rats were fasted overnight and
anesthetized with sodium thiopental (50 mg/kg; i.p.). Blood
was collected in dry and heparinized tubes by cardiac punc-
ture. Serum and plasma were obtained by centrifugation.
Liver tissues were rapidly removed, washed in ice-cold saline
and kept in ice. The liver index was calculated as liver weight/
body weight x 100. The materials were stored at —-80°C until
they were analyzed.

Serum measurements

Serum glucose, total cholesterol (TC) and triglyceride (TG)
levels and alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) activities were determined using
a Cobas Integra 800 autoanalyzer (Roche Diagnostics, Man-
nheim, Germany).

Insulin levels were measured using a “Rat/Mouse insulin
ELISA kit” (Millipore, Billerica, MA, USA) in accordance
with the manufacturer’s intructions. Insulin resistance (IR)
was assessed by means of the homeostasis model assessment
(HOMA). The HOMA index was calculated as: fasting insu-
lin concentration (pmol/l) x fasting glucose concentration
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(mmol/1)/135. High HOMA scores denote IR (low insulin
sensitivity).

Plasma levels of tumor necrosis factor-alpha (TNF-a; As-
sayPro, UK) were measured using ELISA kits in accordance
with the manufacturer’s instructions.

Determination of TG and TC levels in the liver

Livers were homogenized in ice-cold 0.15 M KCl
(10%,w/v) and total lipids were extracted with a mixture
of chloroform and methanol (2:1) according to the method
of Folch et al. (1957) and hepatic TC and TG levels were
assayed by the kits provided from Bio-Science Medical
(Madrid, Spain).

Determination of thiobarbituric acid reactive substances
(TBARS) and diene conjugate (DC) levels

Hepatic lipid peroxidation was evaluated by the determina-
tion of TBARS and DC levels. TBARS levels were measured
by using thiobarbituric acid (Ohkawa et al. 1979). The
breakdown product of 1,1,3,3-tetraethoxypropane was used
as a standard. DC levels were determined spectrophoto-
metrically in liver lipid extracts at 233 nm and calculated
using a molar extinction coefficient of 2.52 x 10* M~L.cm™!
(Buege and Aust 1978).

Determination of antioxidant system parameters in the
liver

Glutathione (GSH) levels were measured in the homogen-
ates with 5,5-dithiobis-(2-nitrobenzoate) at 412 nm (Beutler
et al. 1963). Superoxide dismutase (SOD) and glutathione
peroxidase (GSH-Px) activities were determined in hepatic
postmitochondrial fractions which were separated by se-
quential centrifugation. SOD activity was determined by
the spectrophotometric method according to the method
of Mylorie et al. (1986). GSH-Px activity was measured
according to the method of Lawrence and Burk (1976) by
using cumenehydroperoxide as substrate. Protein levels

were assayed by bicinchoninic acid using serum albumin
as standard (Smith et al. 1985).

Histopathological analysis

Liver tissues were fixed in 10% buffered formalin, embed-
ded in paraffin, sectioned and stained with hematoxylin
and eosin (H&E) for histological studies. Steatosis was
evaluated as a percentage of liver cells containing fat in the
liver (0, <5%; 1, 5-33%; 2, 34-66% and 3, >66%) (Kleiner
et al. 2005).

Statistical analysis

The results were expressed as mean + SD. One-way analysis
of variance (ANOVA) followed by Tukey’s honestly signifi-
cant difference post-hoc test was used for equal variances.
Kruskal-Wallis test was performed for unequal variances. In
all cases, a difference was considered significant when p <
0.05. Correlation coeflicients were determined by Spear-
man’s correlation test.

Results

Changes in final body weight, body weight gain, liver weight
and liver index values

Final body weight and body weight gain per week were
observed to increase in HFr group. Liver weight and liver
index were also increased. Although these parameters de-
creased in both regression group as compared to HFr group,
there was no significant difference between two regression
groups (Table 1).

Changes in glycemia, IR, lipid levels, hepatic marker enzy-
mes and TNF-« levels in serum

Feeding with HFrD significantly increased serum glucose,
insulin and TG levels and HOMA values as compared to

Table 1. Effect of betaine treatment on body weights, liver weight and liver index in rats fed on high fructose (HFr) diet

Control Betaine HEr Regression Regression
(1= 6) (=6 (n=8) without betaine with betaine
(n=28) (n=28)

Initial body weight (g) 206.3 +5.35 208.3 +3.19 207.5 +3.78 208.1+3.72 203.7 + 6.94
Final body weight (g) 340.5 + 11.2 346.7 + 6.05 364.7 +10.12 336.5 + 15.5° 326.6 + 24.4°
Body weight gain (g/week) 112+ 1.01 11.5 +0.69 13.1 £0.77° 10.7 + 1.29° 10.2 + 1.52°
Liver weight (g) 10.4 + 0.30 103 +0.27 13.0 +0.73% 1.1+ 1.10° 10.7 +0.23°
Liver index (%) 3.05 +0.19 2.98 +0.12 3.56 + 0.13 3.29 +0.27° 3.27 +0.20°

Data are shown as mean + SD. ® p < 0.05 as compared to control group; bp < 0.05 as compared to HFr group.
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Table 2. Effect of betaine treatment on serum glucose, insulin, serum total cholesterol (TC), triglyceride (TG) and tumor necrosis factor-
alfa (TNF-a) levels, homeostasis model assessment (HOMA) values, alanine aminotransferase (ALT) and aspartate aminotransferase

(AST) activities in rats fed on high fructose (HFr) diet

Control Betaine HEr Regression Regression
(= 6) (1= 6) (n=8) without betaine with betaine
(n=28) (n=28)

Glucose (mmol/l) 5.68 £ 0.39 5.64 £ 0.45 8.67 £ 1.76° 7.99 +1.26° 7.79 £ 1.38°
Insulin (pmol/l) 43.7 +2.40 441 +£2.07 49.0 +3.12% 51.7 +3.73% 48.6 £2.94%
HOMA 1.84 +0.16 1.84 +£0.21 3.09 + 0.63° 3.06 + 0.48° 2.80 £0.51%
TC (mmol/1) 1.55+0.19 1.52+0.16 1.67 £0.12 1.66 +0.32 1.78 £ 0.35
TG (mmol/l) 0.85 +0.06 0.88 £0.07 1.65+0.17% 1.46 + 0.40° 1.44 +0.35%
ALT (U/) 39.7+£2.73 40.0 +2.82 68.7 + 5.25° 57.7 + 11.4*° 51.9 + 5.43P
AST (U/) 150.0 + 15.5 146.7 +19.4 196.2 + 42.0° 172.5 £ 28.1 178.9 £ 65.7
TNF-a (ng/ml) 13.3 +1.55 13.6 +2.05 26.9 + 4.55° 24.0 £ 3.40° 19.1 + 3.04%P<

Data are shown as mean + SD. ? p < 0.05 as compared to control group; b P < 0.05 as compared to HFr group; © p < 0.05 as compared to

regression group without betaine.

control rats, but TClevels remained unchanged. Serum ALT
and AST activities and TNF-a levels were also higher in HFr
group than control group.
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Figure 1. Effect of betaine treatment on liver total cholesterol (TC), triglyceride (TG), thiobarbituric acid reactive substances (TBARS)
and diene conjugate (DC) levels in rats fed on high fructose (HFr) diet. Data are shown as mean * SD. * p < 0.05 as compared to control
group; b P < 0.05 as compared to HFr group; © p < 0.05 as compared to regression group without betaine.
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regression groups as compared to HFrD group. Only, TNF-a
levels were lower significantly in betaine-treated regression
group than untreated regression group (Table 2).

Changes in hepatic lipids, lipid peroxides and antioxidant
parameters

HFrD feeding caused significant increases in hepatic TG,
TBARS and DC levels and decreases in SOD and GSH-Px
activities, but GSH levels unchanged (Figs. 1 and 2). Hepatic
TG, TBARS and DC levels were lower significantly in re-
gression groups than HFrD group, but antioxidant enzyme
activities did not alter. There were no changes in hepatic TC
levels among groups. When regarding correlations between
serum and hepatic parameters in the regression groups
(n = 16), significant correlations were observed among
serum TNF-a and hepatic TG (0.577; p = 0.019), TBARS
(r =0.610; p = 0.012), DC (r = 0.643; p = 0.007) levels in
regression period. However, serum lipids, ALT and HOMA
did not show any correlation with hepatic parameters (data
not shown).

Hepatic TG, TBARS and DC levels were detected to be
lower significantly in betaine- treated regression group than
untreated regression group. Additionally, GSH levels were
observed to increase in betaine-treated regression group as
compared to HFrD group.

On the other hand, there were no changes in examined
parameters in serum and liver of betaine-treated control rats.

Histopathological findings in the liver

Normal liver structure was seen in the control and betaine-
treated control rats. Marked macrovesicular steatosis was
seen in the liver of rats in HFrD group. Steatosis diminished
markedly in both regression groups. However, there was no
significant difference between these groups (Figs. 3D,E).

Steatosis scores were detected to be significantly higher in
HFr group (2.25 £ 0.47) as compared to control group (0.17
+ 0.41) These values diminished statistically in regression
groups without (0.37 £ 0.52) and with (0.53 + 0.52) betaine
treatment.

Discussion

Feeding with HFrD has been largely used to produce ex-
perimental MetS in animals, since HFrD-induced metabolic
disturbances have been reported to be very similar to those
seen in human MetS (Aydin et al. 2014; Wong et al. 2016).
This diet affects both glucose and lipid metabolism (Zhang
et al. 2017) and causes hyperglycemia, IR, hypertriglyceri-
demia, low level of HDL-cholesterol, obesity, hypertension
and fatty liver in rodents. HFrD feeding was also reported

to affect the balance between oxidants and antioxidants and
to increase inflammatory cytokine levels in body fluids and
tissues of rodents (Mohammed Salih et al. 2009; Castro et
al. 2013; Hsieh et al. 2013; Giris et al. 2014; Prabhakar et al.
2015; Sil et al. 2015). However, several factors such as fructose
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Figure 2. Effect of betaine treatment on liver glutathione (GSH)
levels and superoxide dismutase (SOD) and glutathione peroxidase
(GSH-Px) activities in rats fed on high fructose (HFr) diet. Data
are shown as mean + SD. * p < 0.05 as compared to control group;
bp < 0.05 as compared to HFr group.
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content of the diet, the presence of high fat component in
HFrD, application time, susceptibility of tissues to oxidative
damage and animal species may influence HFrD-induced
changes in animals (Aydin et al. 2014; Wong et al. 2016).
Several antioxidant compounds are found to be effective
in preventing a majority of the changes induced by HFrD
(Mohammed Salih et al. 2009; Castro et al. 2013; Giris et
al. 2014; Prabhakar et al. 2015; Sil et al. 2015). Betaine
treatment was shown to decrease IR, high levels of serum
triglyceride and cholesterol and inflammation and hepatic

steatosis in animals fed on HFrD (Song et al. 2007; Fan et
al. 2014; Ge et al. 2016). Similar results have obtained in
betaine-treated rodents fed on high fat diet, another dietary
approach used to induce MetS syndrome (Kwon et al. 2009;
Kathirvel et al. 2010; Wang et al. 2010; Xu et al. 2015).
Several mechanisms were reported to be effective in al-
leviation of IR and hepatic steatosis due to betaine treatment.
These effects were attributed to normalization of downstream
pathway in insulin signaling, gluconeogenesis and glycogen
synthesis (Kathirvel et al. 2010), activation of hepatic AMP-

Figure 3. Effect of betaine treatment in the liver histopa-
thology of rats fed on high fructose diet (HFrD; H&E).
A., B. Normal histologic features in control and betaine
treated control groups (x200). C. Prominent macrove-
sicular steatosis in HFrD group (x400). D., E. Decreased
steatosis and marked regeneration in regression groups
without (D, x400) and with (E, x400) betaine treatment.
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activated protein kinase and attenuation lipogenic capability
(Song et al. 2007), enhancement of fatty acid oxidation and
lipid export (Xu et al. 2015). Inhibition of inflammatory fac-
tors and attenuation of endoplasmic reticulum stress (Wang
et al. 2010; Ge et al. 2016), reduction of lipid peroxidation
(Balkan et al. 2004) and fortification of antioxidant defence
yia normalization of sulfur amino acid metabolism (Kwon et
al. 2009; Jung et al. 2013) have also been suggested to explain
its ameliorative effect on steatosis.

In our study, we evaluated HFrD-induced metabolic
disturbances such as IR, serum lipids, hepatic steatosis
and oxidative stress in regression period. Final body and
liver weights and liver index were observed to decrease.
IR and serum lipids remained unchanged, but ALT activ-
ity and TNF-a levels decreased. Significant decreases in
hepatic TG and lipid peroxide levels and an amelioration
in histopathological steatosis scores were also seen in this
period. In addition, significant correlations were observed
among serum TNF-a and hepatic TG, TBARS and DClevels.
However, serum lipids, ALT and HOMA did not show any
correlation with hepatic parameters. These results indicate
a parallel decrease in inflammation, hepatic steatosis and
lipid peroxidation in regression period.

The main goal of this study was to investigate whether
betaine treatment accelerate the regression of HFrD-induced
pathological changes. There were no changes in examined
parameters in serum and liver of betaine-treated control rats,
as previously reported (Balkan et al. 2004; Kim et al. 2005,
2009; Bingiil et al. 2016; Kusku-Kiraz et al. 2018), However, in
HFrD feeding rats, decreases in serum TNF-a levels as well as
hepatic TG, TBARS and DC levels were observed to be more
pronounced in betaine-treated regression group than in un-
treated regression group. Hepatic GSH levels of rats in betaine-
treated regression group were also detected to increase, but
SOD and GSH-Px activities remained unchanged. Indeed,
we also demonstrated that betaine treatment decreased lipid
peroxidation and increased GSH levels without any change
in SOD and GSH-Px activities in the liver due to ethanol-
(Balkan et al. 2004) and high-fat plus carbon tetrachloride-
treated animals (Bingiil et al. 2016). Additionally, Zhang et
al. (2016) have recently reported that betaine decreased lipid
peroxides, but it did not alter activities of antioxidant enzymes
(SOD, GSH-Px, catalase) in 2,2’-azobis (2-amidinopropane)
hydrochloride (AAPH)-oxidised erythrocytes. These authors
have also found that betaine did not affect gene expression
of antioxidant enzymes (SOD, GSH-Px, catalase), whereas
it upregulated endogenous nonenzymatic antioxidants such
as SAM and GSH in HepG2 cells induced by AAPH. Similar
increases in hepatic SAM and GSH levels were also detected in
some oxidative stress-induced pathologies of the liver (Balkan
et al. 2004; Kwon et al. 2009; Jung et al. 2013).

In conclusion, our results indicate that betaine treatment
may accelerate the regression of HFrD-induced hepatic TG

accumulation and oxidative stress in rats due to its multi-
functional properties such as anti-oxidant, anti-inflamma-
tory and anti-steatotic actions.
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