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Fatty liver is the hepatic consequence of chronic insulin resistance (IR) and related syndromes. It is mostly
accompanied by inflammatory and oxidative molecules. Increased activity of xanthine oxidase (XO) exerts both
inflammatory and oxidative effects and has been implicated in metabolic derangements including non-alcoholic
fatty liver disease. Short chain fatty acids (SCFAs) elicit beneficial metabolic alterations in IR and related syn-
dromes. In the present study, we evaluated the preventive effects of a SCFA, acetate, on nicotine-induced dys-
metabolism and fatty liver. Twenty-four male Wistar rats (n = 6/group): vehicle-treatment (p.o.), nicotine-
treated (1.0 mg/kg; p.o.), sodium acetate-treated (200 mg/kg; p.o.) and nicotine + sodium acetate-treated
groups. The treatments lasted for 8 weeks. IR was estimated by oral glucose tolerance test and homeostatic
model assessment of IR. Plasma and hepatic free fatty acid, triglyceride (TG), glutathione peroxidase, adenosine
deaminase (ADA), XO and uric acid (UA) were measured. Nicotine exposure resulted in reduced body weight,
liver weight, visceral adiposity, glycogen content and glycogen synthase activity. Conversely, exposure to ni-
cotine increased fasting plasma glucose, lactate, IR, plasma and hepatic TG, free fatty acid, TG/HDL-cholesterol
ratio, lipid peroxidation, liver function enzymes, plasma and hepatic UA, XO and ADA activities. However,
plasma and hepatic glucose-6-phosphate dehydrogenase-dependent antioxidant defense was not affected by
nicotine. Concomitant treatment with acetate ameliorated nicotine-induced effects. Taken together, these results
indicate that nicotine exposure leads to excess deposition of lipid in the liver by enhancing XO activity. The

results also imply that acetate confers hepatoprotection and is accompanied by decreased XO activity.

1. Introduction

Metabolic syndrome is characterized by obesity, adipose tissue ac-
cumulation, glucose dysregulation with hyperglycemia, dyslipidemia
and hypertriglyceridemia among others [1]. This metabolic disorder
affects millions of people and has contributed to high cardiovascular
mortality and morbidity worldwide [2]. A key process in the develop-
ment of metabolic syndrome is peripheral insulin resistance (IR) [3].
Particularly, hepatic IR plays a major role and results in the failure of
insulin to suppress hepatic gluconeogenesis [4]. Moreover, the common
consequence of IR is hyperglycemia and impaired glucose tolerance [3].

Increased adiposity, type 2 diabetes, and non-alcoholic fatty liver
disease (NAFLD) are rapidly increasing worldwide [5]. NAFLD, a con-
dition viewed as the hepatic expression of metabolic syndrome, is one
of the most common causes of chronic liver diseases [6]. The dramatic
increase in prevalence of metabolic syndrome, as well as NAFLD has

been linked to the global spread of the western diet coupled with a
more sedentary lifestyle [7] and indiscriminate exposure to nicotine
[8]. The aggressive form of this disease is commonly found in adults,
but the number of young individuals affected is growing rapidly [9].
Increased production of triglycerides (TGs) by the liver is a hallmark of
metabolic syndrome and type 2 diabetes, leading to increased plasma
TG levels, accumulation of pro-atherogenic lipids and subsequently
increased the risk of cardiovascular events [10,11]. Free fatty acids
(FFAs) derived from various sources, including adipose tissue, de novo
hepatic fatty acid synthesis, even FFA from dietary sources, are required
as a major substrate for hepatic TG synthesis. Interest in the causes and
consequences of lipid infiltration in the liver has risen in recent years
because of the association between triglyceride accumulation in dif-
ferent tissues and the development of IR [12]. The pathophysiological
mechanisms of NAFLD have not been well understood, but earlier
studies have demonstrated that influx of triglycerides into hepatocytes
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Table 1
Effect of sodium acetate on body weight, food and water intake in nicotine-treated rats.
CTR ACE NIC NIC + ACE
Body weight (g)
Before treatment 131.9 * 13.7 130.2 *+ 16.0 132.8 + 8.8 129.4 + 8.6
After treatment 176.5 + 19.0 162.8 + 19.4 149.0 = 11.4* 152.6 + 16.6
Food intake (g/kg/day)
Before treatment 73.4 * 104 725 = 3.8 749 = 6.9 70.6 = 6.7
After treatment 731 + 23 79.2 + 2.5% 67.7 + 2.1* 73.0 = 3.7%
Water intake (ml/kg/day)
Before treatment 148.7 + 16.3 147.5 += 145 145.8 = 149 140.7 = 3.6
After treatment 158.1 + 4.4 133.4 + 10.7 110.2 + 10.6* 1145 += 13.9*

+

Data are expressed as mean
#*p < 0.05 vs. NIC).

results in over production of reactive oxygen species by B-oxidation,
which causes an antioxidant/oxidant imbalance [13], with inactivation
of some regulatory proteins and consequent tissue inflammation, IR and
impaired mitochondrial function [14].

Xanthine oxidase (XO) is a cytosolic enzyme that is involved in
purine metabolism, and catalyzes the modulation of hypoxanthine to
xanthine, and then uric acid [15]. XO is highly expressed in the liver
and intestine [15]. Increased activity of XO might be the underlying
factor in the pro-oxidant property of uric acid which is demonstrated to
contribute immensely to the development of cardiometabolic disorders
[16] owing to its utilization of molecular oxygen to produce reactive
oxygen species (ROS). In concordance, notable beneficial changes in
inflammatory conditions with hyperuricemia have been reported when
xanthine oxidase is inhibited by allopurinol [17]. Taken together,
blockade of XO might significantly reduce UA production. This will
have a biphasic effect: XO-induced ROS generation is reduced and UA
proinflammatory effects are averted. Also, uric acid has been shown to
enhance ectopic lipid accumulation in tissues especially following
fructose exposure [18].

Nicotine, a major alkaloid of tobacco smoke and predominant
chemical among over 4000 compounds in cigarette smoke, is widely
used as nicotine replacement therapy (NRT) either as gum or patch
preparations for smoking cessation [19]. Nicotine is highly lipid soluble
and rapidly crosses the blood-brain barrier and it has been shown to
decrease insulin sensitivity following prolonged use of tobacco products
or nicotine gum [20,21]. Nicotine has further been implicated in both
type 1 and type 2 diabetic patients, sepsis [22], ulcerative colitis, renal
ischemia-reperfusion injury [23] and liver disease [24] including he-
patic lipid dysmetabolism and accumulation. However, the mechanism
by which nicotine causes lipid dysmetabolism and hepatic accumula-
tion is poorly understood. We therefore investigated the effects of
chronic nicotine exposure on XO activity, G6PD-dependent antioxidant
defense and glycogen synthesis.

Short-chain fatty acids (SCFAs) are end-products from the fermen-
tation of complex carbohydrates and/or digestible fibers largely by the
colonic microbiota, especially by anaerobic bacteria [25]. Over 90% of
the SCFAs present in the colon are constituted by acetate, propionate,

SEM of 6 rats per group. Data were analyzed by two-way ANOVA followed by Bonferroni post hoc test. (*p < 0.05 vs. control;

and butyrate [26]. Acetate constitutes about 60% of the SCFAs com-
position produced in the colon [27]. Administration of SCFA particu-
larly acetate has been reported to positively impact colitis, airway
disease, kidney disease and metabolic syndrome in diet-induced obese
mice [28]. We therefore tested the hypothesis that SCFA, acetate would
prevent deleterious hepatic metabolic phenotypes of chronic exposure
to nicotine by suppressing xanthine oxidase activity.

2. Materials and methods
2.1. Animals

Eight to ten weeks old male Wistar rats, weighing 120-125 g were
obtained from the animal house of the College of Health Sciences,
University of Ilorin (Ilorin, Nigeria). Rats had unrestricted access to
standard rat chow and tap water. After 1 week of acclimatization, the
animals were randomly assigned to four groups (six animals per group).
Rats were maintained under standard environmental conditions of
temperature, relative humidity and dark/light cycle. The investigation
was conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and was approved by
the Institutional Ethical Review Board of University of Ilorin, (Ilorin,
Nigeria) and every effort was made to minimize suffering and the
number of animals used.

2.2. Treatment

Control group received distilled water (vehicle) daily, nicotine-
treated group received 1.0 mg/kg NIC (Alchem Inc., Minnesota, USA)
daily, acetate-treated group received 200 mg/kg sodium acetate (ACE;
Science Company, Lakewood, CO, USA) daily. NIC + ACE-treated
group received a combination of nicotine plus sodium acetate daily. All
treatments were given by oral gavage and lasted for 8 weeks. Body
weight, food and water intakes were monitored weekly.



E.O. Dangana, et al.

Chemico-Biological Interactions 316 (2020) 108929

A
=07 —— CTR B — *
3 =o= ACE = 800
£ —v— NIC E
g 8 —— NIC+ ACE =]
Tg’ g 600 x
S £
S 6| =
= -
> '(3 400
S a * o
3 # %5 200
o (&)
2 L L L ) D
0 30 60 90 120 < o
. N ACE - + - +
Time (mins) NIC . R + .
C 36 * D 5 8
E
= —~4
£, s = 6
]
2 E3 <
= £ 3
L
= o2 o4
2 12 @ I
c (1
2
0 ACE - + - + 0 ACE - ACE + +
NIC - - + + NIC - - + + H . N
F G o.g (NIC - - + +
6
= . < 06 x
I =
E 5 =)
(=3 (<]
= 0.4
4 0.2
ACE - + - + ACE - + - + ACE - + - +
NIC - - + + NIC - - + + NIC - - + +

Fig. 2. Sodium acetate improves glucoregulation; a) oral glucose tolerance test (OGTT), b) area under glucose curve (AUC) of OGTT, c) fasting insulin, d) fasting
blood glucose, €) HOMA-IR, f) TyG index g) HOMA-{ and h) QUICKI in nicotine-treated male rats. Nicotine treatment led to impaired glucoregulation as depicted by
the increased fasting glyceamia, 1-h postload glyceamia, AUC of OGTT, HOMA-IR, TyG index, plasma insulin level, HOMA-B and decreased QUICKI (insulin
sensitivity) whereas acetate with or without nicotine treatment did not affect glucoregulation compared with control. In addition, acetate plus nicotine treatment led
to reduced fasting glyceamia, 1-h postload glyceamia, AUC of OGTT, HOMA-IR, insulinemia, HOMA- and increased QUICKI (insulin sensitivity) compared with

nicotine-treated rats. Data were analyzed by one-way ANOVA followed by Bonferroni post hoc test. Values are expressed as mean = SEM of 6 rats per group

(*p < 0.05 vs. Con; *p < 0.05 vs. NIC).

2.3. Sample preparation

At the end of treatment, the rats were anesthetized with sodium
pentobarbital (50 mg/kg, ip). Blood sample was collected by cardiac
puncture into heparinized bottle and was centrifuged at 3000 rpm for
5 min. Plasma was stored frozen until needed for biochemical assay. In
addition, the liver was isolated, blotted and weighed immediately. After
weighing, 100 mg of liver tissue was carefully removed and homo-
genized on ice with a glass homogenizer in phosphate buffer solution.

2.4. Visceral adiposity

Following blood sample collection, all visceral fat depots including
abdominal, perirenal and retroperitoneal were isolated and weighed
immediately with an electronic weighing balance.

2.5. Histopathological studies

For hematoxylin and eosin (H & E) stains, a section of the right lobe
of liver was fixed in 10% formolsaline overnight and thereafter dehy-
drated, embedded in paraffin and sectioned at 5-pm thickness. The
slides were observed under light microscope at magnification of X100.

2.6. Biochemical measurements

2.6.1. Glucoregulatory parameters

Oral glucose tolerance test (OGTT) was performed 48 h prior to the
termination of the experiment. The rats had 12-h overnight fast and the
fasting blood glucose was obtained. Thereafter, glucose (2 gg/kg b.w.)
was orally given and postload glucose level was determined sequen-
tially after 30, 60, 90 and 120 min. Terminal fasting blood glucose
(FBG) was determined after the rats had 12-h overnight fast on the day
of sacrifice. Blood glucose levels were determined with a glucometer
(ONETOUCHZ®-LifeScan, Inc., Milpitas, CA, USA). Glucose tolerance was
expressed as a function of the area under the OGTT curve (AUC). IR and
B-cell function were determined using the homeostasis model assess-
ment for IR (HOMA-IR = fasting glucose (mmol/1)*fasting insulin (uU/
1)/22.5) and B-cell function (HOMA-B= (20*fasting insulin)/(fasting
glucose-3.5) respectively while quantitative insulin sensitivity check
index; QUICKI = 1/[Log (fasting insulin) + Log (fasting glucose)].
Triglyceride-glucose index on the other hand is expressed as TyG = Ln
(TG (mg/dl) x FBG (mg/dl)/2) [18,29]. Plasma insulin level was de-
termined using ELISA kits obtained from Ray Biotech, Inc. (Georgia,
USA). Whereas, hepatic glycogen concentration, glycogen synthase
(GS) and nicotinamide adenine dinucleotide phosphate (NADPH) ac-
tivities were determined using standard spectrophotometric method
and reagents obtained from Oxford Biomedical Research Inc. (Oxford,
USA).
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Fig. 3. Sodium acetate improves lipid metabolism depicted by a) plasma FFA, b) hepatic FFA, c) plasma TC, d) hepatic TC, e) plasma TG, f) hepatic TG, g) hepatic
glycogen and h) hepatic glycogen synthase activity and plasma/hepatic TG/HDL-C ratio (i—j) in nicotine-treated male rats. Nicotine treatment led to impaired lipid
metabolism that is revealed by increased plasma and hepatic TC, TG & FFA compared with control. However, acetate plus nicotine treatment led to improved lipid
metabolism by reducing plasma and hepatic TG, FFA, and plasma TC. Hepatic TC remained elevated in acetate plus nicotine-treated rats compared with control.
There was also decreased hepatic glycogen and glycogen synthase activity by acetate or nicotine treatment compared with control whereas acetate plus nicotine led
to elevated hepatic glycogen and glycogen synthase activity compared with nicotine-treated rats. In addition, nicotine treatment led to increased plasma and hepatic
TG/HDL-C ratio. However, sodium acetate led to reduced plasma and hepatic TG/HDL-C ratio in nicotine-treated rats compared with nicotine-treated rats. Data were
analyzed by one-way ANOVA followed by Bonferroni post hoc test. Values are expressed as mean * SEM of 6 rats per group (*p < 0.05vs. Con; *p < 0.05 vs. NIC).

Table 2
Effect of sodium acetate on pro-atherogenic lipid and antioxidant defense in nicotine-treated rats.

CTR

ACE NIC NIC + ACE
HDL-C (mg/dl) 22.16 + 2.37 16.21 + 3.47* 15.69 + 8.05*% 1419 + 2.17*
TC/HDL-C 5.49 = 1.92 3.86 = 0.47* 7.49 += 1.05* 5.18 * 0.55%
GSH 0.26 = 0.07 0.17 += 0.04 0.41 + 0.09* 0.22 * 0.02%
GSSG 0.03 = 0.01 0.02 = 0.00 0.08 = 0.05* 0.04 + 0.01%
Data are expressed as mean = SEM of 6 rats per group. Data were analyzed by one-way ANOVA followed by Bonferroni post hoc test. (*p < 0.05 vs. control;

#p < 0.05 vs. NIC).
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2.6.2. Lipid profile

Fasting triglyceride (TG), total cholesterol (TC), high density lipo-
protein (HDL), and free fatty acid (FFA) were estimated from the
plasma and hepatic tissue homogenate by standardized colorimetric
methods using reagents obtained from Randox Laboratory Ltd. (Co.
Antrim, UK). Ratios of TG/HDL-C and TC/HDL-C were determined as
atherogenic lipid.

2.6.3. Adenosine deaminase and xanthine oxidase activities and uric
concentration

Plasma adenosine deaminase (ADA) and xanthine oxidase (XO)
activities were determined by standard enzymatic colorimetric method
using reagents from Randox Laboratory Ltd. (Co. Antrim, UK) while
uric acid (UA) was determined using non-enzymatic kits from Randox
Laboratory Ltd. (Co. Antrim, UK) and Oxford Biomedical Research Inc.
(Oxford, USA) respectively, and in adherence to the manufacturer's
procedures.

2.6.4. Redox biomarkers

Plasma and hepatic malondialdehyde (MDA) and glucose-6-phos-
phate dehydrogenase (G6PD) activity were determined by standard
spectrophotometric method using assay kits obtained from Randox
Laboratory Ltd. (Co. Antrim, UK) and in adherence to manufacturer's
instruction. While oxidized glutathione (GSSG), reduced glutathione
(GSH) and glutathione peroxidase (GPx) were determined by standard
spectrophotometric method using reagent kits obtained from Oxford
Biomedical Research Inc. (Oxford, USA). Reduced to oxidized glu-
tathione ratio (GSH/GSSG) was calculated and used as an indicator of
oxidative stress Likewise, nitric oxide (NO) concentration was de-
termined using reagent kits obtained from Oxford Biomedical Research
Inc. (Oxford, USA) in adherence to manufacturer's procedures.

2.6.5. Liver enzymes and injury biomarkers

Plasma and hepatic gamma-glutamyl transferase (GGT), alanine
transferase (ALT), aspartate aminotransferase (AST) and alkaline
phosphatase (ALP)aspartate transaminase (AST) activities were de-
termined using standard spectrophotometric method and assay reagents
obtained from Randox Laboratory Ltd. (Co. Antrim, UK). In addition,
lactate concentration was determined using spectrophotometric method
based on the oxidation of p-lactate to pyruvate by NAD+ and lactate
dehydrogenase (LDH) activity was measured by standardized

Chemico-Biological Interactions 316 (2020) 108929

Fig. 4. Photomicrographs of the liver from male
Wistar rats. Control group shows hepatic tissue
with preserved architecture, Acetate-treated group
shows normal hepatic tissue (b), Nicotine-treated
rats shows hepatic fat accumulation (¢) and
Acetate plus nicotine-treated group shows hepatic
tissue with improved hepatic cytoarchitecture (d).
(H & E paraffin stain; transverse section).

enzymatic colorimetric method using assay reagents obtained from
Randox Laboratory Ltd. (Co. Antrim, UK).

2.6.6. Statistical analysis

All data were expressed as means + SEM. Statistical group analysis
was performed with SPSS statistical software (Chicago, IL). One-way
analysis of variance (ANOVA) was used to compare the mean values of
variables among the groups. Bonferroni's test was used to identify the
significance of pair wise comparison of mean values among the groups.
Statistically significant differences were accepted at p < 0.05.

3. Results

3.1. Effect of sodium acetate on body weight, food intake, water
consumption, liver weight, visceral adiposity and triglyceride-glucose index
in nicotine-treated male rats

There was decrease in body weight gain, food intake, water intake
and visceral adiposity in nicotine-treated rats compared with control
whereas acetate with or without nicotine treatment did not affect body
weight gain and visceral adiposity compared with control (Fig. 1A;
Table 1). On the other hand, acetate treatment did not affect water
intake but led to increased food intake compared with control (Table 1).
However, acetate with nicotine treatment led to increased food intake
compared with nicotine-treated rats whereas acetate plus nicotine re-
sulted in decreased water intake. Liver weight was reduced in nicotine-
treated rats compared with control whereas nicotine plus acetate
treatment led to increased liver weight compared with nicotine-treated
rats (Fig. 1B).

3.2. Sodium acetate improves glucoregulation in nicotine-treated male rats

Nicotine treatment led to impaired glucoregulation as shown by
increased fasting glycaemia, 1-h postload glycaemia, AUC of OGTT,
HOMA-IR, triglyceride-glucose (TyG) index, plasma insulin level,
HOMA-f and decreased QUICKI (insulin sensitivity) whereas acetate
with or without nicotine treatment did not affect glucoregulation
compared with control. In addition, acetate plus nicotine treatment led
to reduced fasting glycaemia, 1-h postload glycaemia, AUC of OGTT,
HOMA-IR, TyG index, plasma insulin level, HOMA-f and increased
QUICKI (insulin sensitivity) compared with nicotine-treated rats
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Fig. 5. Sodium acetate attenuates hepatic injury as depicted by a) plasma gamma glutamyl transferase (GGT), b) hepatic GGT, c) plasma alkaline phosphatase (ALP),
d) hepatic ALP, e) plasma aspartate transaminase (AST), f) hepatic AST and plasma lactate and plasma/hepatic lactate dehydrogenase (LDH; g-i) in nicotine-treated
male rats. There was increased plasma and hepatic GGT, ALP and AST activities in nicotine-treated rats compared with control. Acetate plus nicotine treatment led to
decreased plasma and hepatic GGT, ALP and AST activities compared with nicotine-treated rats. Likewise, there was increased plasma lactate, plasma and hepatic
LDH in nicotine-treated male rats compared with control. However, Acetate plus nicotine treatment resulted in decreased plasma lactate, plasma and hepatic LDH
compared with nicotine-treated rats. Data were analyzed by one-way ANOVA followed by Bonferroni post hoc test. Values are expressed as mean + SEM of 6 rats per

group (*p < 0.05 vs. Con; *p < 0.05 vs. NIC).

(Fig. 2A-H).

3.3. Sodium acetate improves plasma and hepatic free fatty acid, pro-
atherogenic lipids, hepatic glycogen and glycogen synthase activity in
nicotine-treated male rats

Nicotine treatment led to impaired lipid metabolism that is revealed
by increased plasma and hepatic TC, TG, FFA, TC/HDL-C and TG/HDL-
C compared with control (Fig. 3 A-J, Table 2). HDL-C was decreased
across the treatment groups (Table 2) whereas acetate treatment did not
affect plasma and hepatic FFA, plasma TC, TG and TC/HDL-C, plasma
and hepatic TG/HDL-C but led to increased hepatic TC and TG re-
spectively compared with control. However, acetate plus nicotine
treatment led to improved lipid metabolism by reducing plasma and
hepatic TG, FFA, TG/HDL-C, plasma TC and TC/HDL-C compared with
nicotine-treated (Fig. 3A-J; Table 2). Hepatic TC remained elevated in
acetate plus nicotine-treated rats compared with control (Fig. 3D).

There was also decreased hepatic glycogen and glycogen synthase ac-
tivity by acetate or nicotine treatment compared with control whereas
acetate plus nicotine led to elevated hepatic glycogen and glycogen
synthase activity compared with nicotine-treated rats (Fig. 3G and H).
H & E staining technique was used for the histology of liver to confirm
hepatic fat accumulation microscopically. Nicotine-treated rats had
hepatic fat accumulation whereas acetate plus nicotine showed im-
proved cytoarchitecture (Fig. 4).

3.4. Sodium acetate decreases hepatic dysfunction and lactate production in
nicotine-treated male rats

There was increased plasma GGT, ALP, AST, lactate and hepatic
GGT, ALP and LDH activities in nicotine-treated rats compared with
control. Acetate treatment did not affect plasma GGT AST, ALP, LDH
activities, increased hepatic GGT, AST, plasma lactate and decreased
hepatic ALP and LDH. Acetate plus nicotine treatment led to decreased
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Fig. 6. Sodium acetate decreases plasma and hepatic adenosine deaminase (ADA), a&b) xanthine oxidase (XO), c&d), uric acid (e&f) in nicotine-treated male rats.
Nicotine treatment led to increased plasma and hepatic ADA, XO activities and uric acid levels compared with control. Acetate treatment led to decreased plasma and
hepatic ADA, XO activities and uric acid compared with nicotine-treated rats. Data were analyzed by one-way ANOVA followed by Bonferroni post hoc test. Values are
expressed as mean + SEM of 6 rats per group (*p < 0.05 vs. Con; #p < 0.05 vs. NIC).

plasma and hepatic GGT, ALP, LDH activities and plasma lactate
compared with nicotine-treated rats (Fig. 5).

3.5. Sodium acetate decreases plasma and hepatic adenosine deaminase,
xanthine oxidase activities and uric acid in nicotine-treated male rats

Nicotine treatment led to increased plasma and hepatic ADA, XO
activities and uric acid levels compared to control (Fig. 6A-F) Acetate
treatment did not affect plasma and hepatic ADA and XO activities
whereas uric acid level was decreased in plasma and hepatic tissue of
acetate-treated rats compared with control (Fig. 6 E & F). However,
acetate plus nicotine treatment led to decreased plasma and hepatic
ADA, XO activities and uric acid level compared with nicotine-treated
rats (Fig. 6B, D & F).

3.6. Sodium acetate did not alter plasma and hepatic G6PD, NADPH but
decreases oxidative stress biomarkers in nicotine-treated male rats

Plasma and hepatic G6PD activity, GSH/GSSG ratio, hepatic NO and
NADPH were not affected by the treatment (Fig. 7 A,B,D, E & F)
whereas there was increased plasma and hepatic MDA level, plasma
GSH, GSSG and decreased plasma NO level in nicotine-treated rats
compared with control (Fig. 7C, H&I; Table 2). However, acetate
treatment led to decreased plasma GSH, GSSG and MDA levels (Fig. 7H;
Table 2) and increased plasma NO level compared with control (Fig. 7
C) Acetate plus nicotine treatment led to decreased plasma GSH, GSSG
levels and MDA level (Fig. 7H; Table 2). In addition, plasma NO was
increased in acetate plus nicotine-treated rats compared with nicotine-
treated rats (Fig. 7C).

4. Discussion

This study elucidates the effects of SCFA, acetate on nicotine-in-
duced metabolic dysfunction. Our data showed that nicotine exposure
altered hepatic metabolism, which is indicated by fat accumulation and
injury together with decreased glycogen synthesis. The study im-
plicated increased activity of XO in nicotine-induced metabolic de-
rangement which is found to be independent of glutathione antioxidant
defense system. Impressively, acetate averted the glucose dysmetabo-
lism and hepatic lipotoxicity and injury induced by nicotine exposure
by attenuation of plasma and hepatic XO and enhancement of hepatic
glycogen synthesis. Therefore, the evidences herein reveal that SCFAs,
acetate possibly maintains systemic and hepatic metabolic homeostasis
during nicotine exposure, and this effect is accompanied by decreased
XO activity (Fig. 8).

Findings from previous studies agree with the fact that disruption of
metabolic processes resulting in glucose deregulation and increased
adiposity are precise precursors of CMD, T2DM, CVD and hepatic dis-
eases like the immensely studied non-alcoholic fatty liver disease
(NAFLD) [30,31]. The present study showed that nicotine induced
impaired glucose homeostasis indicated by elevated fasting plasma
glucose level, impaired insulin sensitivity, elevated HOMA-IR, TyG
index, AUC of OGTT and 1-h postload glycaemia but this outcome is
accompanied by reduced body weight gain, liver weight and adiposity.
Although, body weight increase is considered a risk factor for metabolic
diseases of which glucose deregulation is the hallmark, reduction in
body weight and adiposity despite regular food and water intake with
minimal stress and physical exertion needs critical attention. Body
weight decrease can occur as a result of increased fat consumption and
protein or muscle wasting. These conditions occur normally during
chronic moderate and severe exercise or starvation but when they occur
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Fig. 7. Effect of sodium acetate on a) Plasma glucose-6-phosphate dehydrogenase (G6PD) activity, b) hepatic G6PD, c) plasma nitric oxide (NO), d) hepatic NO, e)
plasma reduced glutathione/glutathione disulfide (GSH/GSSG) ratio, f) hepatic GSH/GSSG ratio, g) hepatic nicotinamide adenine dinucleotide phosphate (NADPH),
h) plasma malondialdehyde (MDA), i) hepatic MDA. Plasma and hepatic G6PD activity, GSH/GSSG ratio, hepatic NO and NADPH were not affected by the treatment.
There was increased plasma and hepatic MDA level and decreased plasma NO level in nicotine-treated rats compared with control. However, acetate treatment led to
decreased plasma MDA level and increased plasma NO level compared with control. Acetate plus nicotine treatment led to decreased plasma MDA level. More so,
plasma NO was increased in acetate plus nicotine-treated rats compared with nicotine-treated rats. Data were analyzed by one-way ANOVA followed by Bonferroni
post hoc test. Values are expressed as mean + SEM of 6 rats per group (*p < 0.05 vs. Con; “p < 0.05 vs. NIC).

without extreme physical exertion or food deprivation, they indicate
disease states associated with excessive lipolysis in the adipose tissue
and/or protein degradation in muscles. These two dysfunction events
deliver FFA and alanine to the liver, excess of which results in lipo-
toxicity, perturbation in insulin signaling [32], fatty liver, hyperur-
icemia, and renal insult. In agreement, the insulin insensitivity and fatty
liver caused by nicotine exposure in this study is therefore explicable
because there was reduction in adiposity and body weight change and
increased plasma and hepatic FFA, TG and TG/HDL-C, meaning that
FFA from peripheral IR-induced lipolysis are delivered to the liver and
stored as TG. Studies have shown that nicotine treatment can manifest
anorexia. A study showed that nicotine via inhibition of AMP-activated
protein kinase in the hypothalamus (AMPK) caused reduced appetite
and adipocyte activation [33]. Therefore, a central alteration of energy
intake and peripheral tissue metabolism could have been the under-
lying factor in the nicotine-induced dysmetabolism that is evident in
this study.

The relationship between elevated peripheral IR and hepatic stea-
tosis or injury does not only depend on FFA-induced TG accumulation
but on oxidative stress and stimulation of inflammatory responses [34].
Increased XO activity has been implicated in metabolic derangements
and is associated with oxidative stress, inflammation and insulin re-
sistance [35-37]. Increased XO activity has biphasic impact on cellular
integrity: It leads to overproduction of UA which promotes in-
flammatory responses via stimulation of inflammasomes, tissue injury

via reduction in nitric oxide (NO) [38], superoxide generation and
endothelial dysfunction. It also produces ROS as a byproduct while
utilizing molecular oxygen. In this study, there was marked elevation in
plasma and hepatic levels of XO and UA, which corroborate the nico-
tine-induced oxidative damage regardless of the unaltered G6PD-de-
pendent antioxidant capacity (GSH/GSSG) in the same treatment. The
elevated levels of liver function enzymes show probable damage to the
liver and antioxidant inadequate response of cellular antioxidant sys-
tems. G6PD is the rate limiting enzyme in the oxidative pentose phos-
phate pathway (PPP). It is the main source of NADPH in the cytosol
[39] and NADPH is used to generate GSH (reduced glutathione) by the
action of glutathione reductase. GSH is converted in the same cascade
to GSSG (oxidized glutathione) by glutathione peroxidase as it catalyzes
conversion of H,O5 to H,O. GSH/GSSG ratio is taken as a maker of
cellular antioxidant capacity [40] and nicotine exposure herein main-
tained this ratio compared with the control. NADPH can also be used up
in lipid synthesis where superoxide is generated but our study reveals
again that hepatic NADPH is not affected by nicotine exposure.
Therefore, nicotine-induced deleterious hepatic effects in this study
showed elevated FFA, TG accumulation and elevated XO activity
without alteration of G6PD-dependent antioxidant system.

Glycogen synthesis is one of the two main non-oxidative glucose
metabolisms, the second being glycolytic production of lactate [41].
The liver is a glucoregulatory organ that converts glucose to glycogen at
satiation by the action of glucokinase (Hexokinase IV) [42] and GS.
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When this hepatic system is disturbed as a result of IR or liver steatosis,
glycogenesis is impaired. Hepatic IR is usually associated with fasting
hyperglycemia and reduced hepatic glycogen synthesis [43]. Therefore,
alterations in hepatic glycogen synthesis may be representative of
peripheral glucose deregulation, fatty liver and hepatic injury in two
steps: first, elevated hepatic glucose and FFA delivery due to hy-
perglycemia and peripheral IR-induced lipolysis can be diverted to lipid
synthesis leading to hepatic fat accumulation (lipotoxicity) and injury.
Second, lipotoxicity-induced hepatic IR will result in glycogen deple-
tion as a result of GS inactivation. The result of the present study
showed that nicotine exposure caused depletion of hepatic glycogen
synthesis indicated by reduced glycogen content and GS activity cor-
roborating the glucose dysregulation, peripheral IR and fatty liver as-
sociated with nicotine exposure. These effects also provide evidence for
nicotine-induced hepatic IR. The other form of non-oxidative glucose
metabolism, glycolytic lactate production, is recently gaining the focus
of many studies. Blood lactate is being proposed as a marker of mi-
tochondrial oxidative insufficiency and an independent predictor of IR,
T2DM and CVD [44-46]. The finding of the present study that nicotine-
induced dysmetabolism is accompanied by elevated blood lactate, LDH
and hepatic LDH activity is in line with previous studies [45,46]. When
the mitochondrial oxidative capacity especially that of the skeletal
muscles reduces due to mitochondrial dysfunction or increased LDH
activity as a result of IR, lactate is elevated and released into the cir-
culation to engage in pyruvate cycle (Cori cycle) [44,46].

SCFAs, predominantly butyrate, propionate and acetate, are by-
products of intestinal microbiota fermentation that involves in energy
homeostasis and their physiological relevance is well documented.
Among the SCFAs, butyrate enjoys early attention and the most in-
vestigated by scientists in the recent times [47,48]. However, acetate,
the most abundant of these SCFAs is also rapidly gaining focus in sev-
eral scientific studies. Interestingly, our current study demonstrated
that acetate ameliorated the glucose dysregulation induced by nicotine
exposure and prevented hepatic TG accumulation which is accom-
panied by suppressed plasma and hepatic XO activity with consequent
attenuation of UA, which according to the findings herein prevented
overt damage to the hepatic tissue at least as indicated by liver function
enzymes and the histology of the liver. These therapeutic effects of
acetate reveal the fact that nicotine might induce gut dysbiosis and that

NAFLD

acetate through mechanism(s) yet to be elucidated can suppress XO. An
important event herein that demonstrates the effectiveness of acetate in
the reversal of glucose dysregulation is the replenishing of hepatic
glycogen. Normalization of glycogen synthesis is an indication of re-
stored or maintained glucose homeostasis.

5. Conclusion

The present study demonstrates that nicotine-induced dysmetabo-
lism characterized by glucose dysregulation and hepatic fat accumula-
tion is associated with increased plasma and hepatic XO activity and
depressed hepatic glycogen synthesis independent of glutathione anti-
oxidant capacity. However, acetate protects the liver from nicotine-
induced dysmetabolism and oxidative damage by suppressing XO ac-
tivity. Therefore, nicotine might be injurious to human health through
gut dysbiosis and acetate may begin to gain attention as safer pre-
ventive or therapeutic agent. We hereby recommend that the future
study should focus on the course-relationship effect of acetate and XO
activity.
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