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ABSTRACT
Objective(s): Non-alcoholic fatty liver disease (NAFLD) is strongly linked with insulin resistance and type-2 
diabetes through various metabolic changes. The current study was designed to investigate the modulatory 
effects of silver nanoparticles (AgNPs) on metabolic and inflammatory changes activated during NAFLD. 
Materials and Methods: Three doses of AgNPs (100, 150, and 200 μg/kg/day for 4 weeks) were tested in a 
high-fat high carbohydrate diet (HFHCD) induced NAFLD model in rats. 
Results: Sinificant (P<0.05) improvement in dyslipidemia, hyperglycemia, and insulin levels by AgNPs was 
observed and more notably in the group that received 200 μg/kg/day AgNPs. Acute phase inflammatory protein 
C-reactive protein and monocytes chemoattractant protein-1 were significantly (P<0.05) lowered by AgNPs. 
Inline, lipid peroxidation and PDGF-β levels were significantly (P<0.05) reduced in groups that received 
different doses of AgNPs. Furthermore, AgNPs especially in the large dose (200 μg/kg/day) significantly 
decreased (P<0.05) the measured level of the inflammatory cytokines (IL-1β, IL-6, and TNF-α) compared with 
the HFHCD group level.
Conclusion: Collectively, results propose the ability of AgNPs to modulate metabolic changes accompa-
nying NAFLD through reducing lipid peroxidation and targeting inflammatory cytokines mediating insulin 
resistance.
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INTRODUCTION
There are two types of biological dysfunctions 

that frame type-2 diabetes (T2D), namely β-cell 
dysfunction and insulin receptors dysfunction [1]. 
Beta cell dysfunction may be due to genetic factors 
or acquired factors such as obesity, an unbalanced 
diet such as high fat-high carbohydrate diet 
(HFHCD), or acquired inflammatory insult that 
destructs β-cells [2].

Nonalcoholic fatty liver disease (NAFLD) is 
strongly associated with hepatic insulin resistance 
and is a major factor in T2D pathogenesis 
and nonalcoholic steatohepatitis as well. The 
accumulated fat metabolites like long-chain 
acyl-CoA, diacylglycerol, and ceramides lead to 

activation of protein kinases, and in turn an increased 
rate of insulin receptor phosphorylation, then their 
deactivation due to signaling inhibition [3].

The prevalence of NAFLD is 4–6 times higher 
in obese than in normal individuals [4]. Obesity-
induced hormonal imbalance (stimulated leptin, 
glucagon activity, and inhibited adiponectin 
activity) plays a crucial role in insulin receptor 
hypofunction. In addition to such hormonal 
imbalance, inflammatory cytokines released from 
adipose tissue also have an important impact on 
obesity-induced insulin receptor hypofunction. 
So far, pharmacological agents that tend to 
ameliorate NAFLD have shown limited success [5].

Nanotechnology is concerned with follow-
up, reformation, reconstruction, and managing 
human physiological systems at the cell level by 
using materials engineered at the molecular level 
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[6]. The application of nanotechnology in medicine 
has shown promising benefits, especially in cancer 
research [7-9]. In experimental studies, metals 
like silver and gold were found to have a potential 
therapeutic value in some chronic diseases 
especially diabetes [10]. An acute toxicity study 
done by Arumugam et al. revealed no acute toxic 
effects of silver nanoparticles (AgNPs) in addition 
to zero % mortality during the whole period of the 
experiment [11]. The absence of a “concentration 
effect” on the adsorption, distribution, metabolism, 
and excretion rates of inhaled AgNPs is considered 
an additional advantage [12]. Furthermore, AgNPs 
are easily eliminated from the body as previously 
demonstrated by Williams et al [13]. 

AgNPs show high antioxidant activity and remain 
in circulation in reasonable concentrations for a 
significant time [14,15]. Many therapeutic benefits 
of AgNPs have been studied including anticancer and 
antimicrobial benefits [16,17]. Additionally, AgNPs 
alleviate chemically induced colitis, proposing 
their plausible use in inflammatory diseases [18]. 
Various in vitro studies showed antidiabetic activity 
of AgNPs [19,20]. In vivo, injecting AgNPs into the 
peritoneal cavity can protect rats against dextrose-
induced diabetes and markedly improve metabolic 
parameters [21]. The current study was designed 
to test the effect of AgNPs on HFHCD-induced 
NAFLD and the ability of nanoparticles to control 
accompanying metabolic changes and their impact 
on T2D. 

Experimental section
Animals

Forty-five male Wistar rats weighing (150–
180 g each) were used. They were purchased 
from VCSERA (Egypt), and were allowed water 
and food freely for the period of acclimatization 
(two weeks). The experimental work follows the 
guidelines and ethical principles for animal care 
and use approved by the scientific laboratory 
research ethics committee, faculty of pharmacy, 
Mansoura university.

Drugs and chemicals
Silver nanoparticle solution was obtained from 

Lotus Middle East Pharma (Egypt). According 
to the manufacturer’s datasheet, the solution 
contains AgNPs of 60 nm in diameter dispersed in 
sterile water at a concentration of 1 g/L. A stock 
solution of 1 ml was diluted with 9 ml sterile 
water to obtain a working solution of 100 μg silver 
nanoparticles per 1 ml sterile water (10% w/v). 

As described by the manufacturer, AgNPs were 
prepared as follows: 0.2 g sodium hydroxide was 
dissolved in a small amount of distilled water. 1 g 
of rice starch was added gradually to the sodium 
hydroxide solution under stirring within 5 min. The 
solution was completed to 100 ml with distilled 
water till complete solubilization of starch. The 
resulting sodium starchate solution was heated to 
60 °C and the pH of the solution was adjusted to 
11.5 by using a 10 M aqueous solution of sodium 
hydroxide. 1.56 g silver nitrate was dissolved in 
100 ml distilled water. 1 ml of the silver nitrate 
solution was added dropwise to the sodium 
starchate solution at 60 °C at a pH of 11.5 under 
vigorous stirring for 30 min. During the addition of 
the sodium starchate solution the color gradually 
turned from an obscure white color to transparent 
yellow color indicating the formation of silver 
nanoparticles. The commercial AgNPs solution 
used in the study was previously characterized and 
optimized by [22].

Experimental design
Rats were divided randomly into five groups 

(9 rats each): Control group: fed standard rat 
chow (150 g/kg/day) for 16 weeks and 0.5 ml/kg 
normal saline orally at the beginning of week 13. 
HFHCD group: allowed free access to HFHCD for 
16 weeks and 0.5 ml/kg normal saline orally at the 
beginning of week 13. AgNP100 group: received 
HFHCD freely for 16 weeks plus 100 μg/kg/day of 
AgNPs as 10% w/v solution (1 ml/kg/day) at the 
beginning of week 13 orally with oral gavage for 
4 weeks. AgNP150 group: received HFHCD plus 
150 μg/kg/day AgNPs solution (1.5 ml/kg/day of 
working solution) as described. AgNP200: received 
HFHCD plus 200 μg/kg/day AgNPs solution (2 ml/
kg/day of working solution) as described.

METHODS
Induction of NFLD and T2D 

Rats received HFHCD ad libitum [components: 
beef tallow 300, molasses 200, and standard 
rat chow 500 (g/kg diet)] daily for 16 weeks as 
described by Abu-Elsaad et al [23]. Twenty-four 
hours following the last AgNPs dose, rats were 
anesthetized with thiopental sodium IP injection 
(50 mg/kg), chests were opened, blood was 
collected through cardiac puncture and centrifuged 
at 3000 rpm for ten minutes for serum separation. 
The liver was isolated and weighed, and the liver 
homogenate was prepared manually by grinding 
100 mg wet tissue in 1 ml ice-cooled phosphate 
buffer saline (pH 7.4) followed by centrifugation at 



298 Nanomed. J. 9(4): 296-306, Autumn 2022

M. Ashri et al. /AgNPs modulate metabolic changes in NAFLD 

4000 rpm, -4 °C. The supernatant was separated 
and used for measuring liver homogenate (10% 
w/v) parameters.  

Measurement of lipid profile
Serum levels of total cholesterol (TC), low-

density lipoproteins (LDL-C), triglycerides (TG), and 
high-density lipoproteins (HDL-C) were measured 
spectrophotometrically (Spinreact Co., Spain) 
according to the instructions of the manufacturer. 

Measurement of serum glucose and insulin levels
Blood glucose level was measured using a 

glucose assay colorimetric kit supplied by Cell 
Biolabs, Inc. (San Diego, USA) at 560 nm. Serum 
insulin level was assigned using the ELISA technique 
as directed by the manufacturer (eBioscience, San 
Diego, USA).

Measurement of lipid peroxidation
The liver content of malondialdehyde (MDA) 

was measured in liver homogenate as previously 
described by Ohkawa et al [24]. Samples (0.2 ml liver 
homogenate) were mixed with thiobarbituric acid at 
acidic pH for 30 min at 95 °C, and the produced color 

absorbance was measured at 534 nm.

Measurement of C-reactive protein (CRP) and 
monocyte chemoattractant protein (MCP)-1

CRP serum level and liver content of MCP-
1 were measured using the ELISA technique as 
directed by the manufacturer (ThermoFisher 
Scientific Inc., MA, USA).

Measurement of inflammatory cytokines and 
growth factors

Liver expression of interleukin (IL)-1β, IL-6, 
tumor necrosis factor (TNF)-α, and platelet-derived 
growth factor (PDGF)-β were determined using 
ELISA kits (ThermoFisher Scientific Inc., MA, USA).

RESULTS
Levels of serum TC, TG, and LDL-C (Figures 

1a, 1b, and 1c, respectively) were significantly 
increased as a result of feeding rats HFHCD for 16 
weeks compared with their levels in the control 
group (P<0.001). On the other hand, the serum 
level of HDL-C (Figure 1d) significantly decreased 
in the HFHCD group (P<0.001). 

Oral administration of AgNPs in the three tested  

 

  

Fig. 1. Effect of silver nanoparticles (AgNPs) on lipid profile serum biomarkers. (a) total cholesterol, (b) triglycerides (TGs), (c) low-den-
sity lipoprotein (LDL-C), (d) high-density lipoprotein (HDL-C) in high-fat high carbohydrate diet (HFHCD) induced insulin resistance 
model in rats. Significance: *, *** P<0.05, 0.001, respectively compared with the control group; #, ##, ### P<0.05, 0.01, 0.001, 

respectively compared with HFHCD group
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doses for the last 4 weeks resulted in a significant 
(P<0.01) decrease in serum level of TC compared 
with the HFHCD group but remained significantly 
higher (P<0.05) compared with the control group. 
Serum TG was significantly (P<0.001) low in groups 
that received AgNPs compared with the HFHC 
group and significantly higher than the control 
group level (P<0.05). Serum level of LDL-C was 
significantly (P<0.001) lowered by AgNPs and 
nearly reached normal levels in the control group. 
HDL-C level increased significantly compared with 
its level in the HFHCD group (P<0.05) only in the 
group that received 200 μg/kg AgNPs. Its level 
remained significantly less than the control group 
level (P<0.01) in all groups that received AgNPs.

Feeding rats HFHCD for sixteen weeks resulted 
in a significant increase in serum glucose levels 
compared with rats that received standard chow 
(P<0.001). Administration of AgNPs from the 
13th week significantly reduced serum glucose 
levels with the highest reduction in the group that 
received the higher dose of AgNPs (200 μg/kg) 
(P<0.001), which showed no significant difference 
compared with the control group. However, serum 
glucose level remained (P<0.001) higher in groups 
that received 100 or 150 μg/kg AgNPs than its level 
in the control group (Figure 2a). The glucose level 
in the group that received 200 μg/kg AgNPs was 
significantly (P<0.05, 0.01) lower than in groups 
that received 100 or 150 μg/kg AgNPs, respectively.

Similar effects of AgNPs were observed on 
serum insulin levels (Figure 2b). Rats who received 
HFHCD for 16 weeks showed about a 2-fold 
increase in serum insulin level compared with the 
control group (P<0.001). Administration of AgNPs 
significantly decreased serum insulin compared 

with its elevated level in the HFHCD group 
(P<0.01). Improvement in insulin level was best 
observed in the AgNP200 group and reached the 
control group level. Serum insulin was significantly 
(P<0.001) less in AgNP200 group compared with 
AgNP100 and AgNP150.

Lipid peroxidation biomarker MDA was 
significantly (P<0.001) lowered by tested AgNPs 
doses in a dose-dependent manner (Figure 3a). 
In AgNP1.5 and AgNP200 groups, MDA level was 
significantly (P<0.001, 0.05) lower compared with 
HFHCD group and AgNP100, respectively.

The level of the acute inflammation phase 
protein CRP was significantly elevated by feeding 
rats HFHCD (P<0.001). All tested doses significantly 
(P<0.001) decreased CRP serum levels compared 
with the HFHCD group and showed no significant 
difference from the control group (Figure 3b).

Rats fed HFHCD showed elevated MCP-1 
content in hepatic tissue compared with those fed 
standard show (P<0.001). In AgNP100 and AgNP150 
groups, MCP-1 expression was significantly (0.001) 
reduced compared with the HFHC diet group but 
remained significantly higher (P<0.001) than in 
the control group. Highest significant (P<0.001) 
reduction in MCP-1 content was observed in 
AgNP200 group (Figure 3c) compared with HFHC 
diet, AgNP100, and AgNP150 groups.

Liver expression of both IL-1β and IL-6 was 
increased (P<0.001) significantly by HFHCD 
compared with the control group (Figures 4a and 
4b, respectively). Groups that received AgNPs 
solution showed a significantly (P<0.001) low 
hepatic level of these cytokines compared with 
the HFHCD group. In the AgNP200 group, both 
cytokines levels were significantly (P<0.05) less 

 

  

Fig. 2. Effect of silver nanoparticles (AgNPs) on (a) serum glucose and (b) serum insulin in high-fat high carbohydrate diet (HFHCD) 
induced insulin resistance model in rats. Signif-icance: **, *** P<0.01, 0.001, respectively compared with control group; ##, ###, 

P<0.01, 0.001, respectively compared with HFHCD group; π P<0.05
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than levels in AgNP100 and AgNP150 groups.
Similarly, TNF-α expression was significantly 

(P<0.001) decreased in a dose-dependent 
manner by AgNPs tested doses compared with 
its expression in HFHCD (Figure 5a). However, 
the expression of TNF-α in AgNPs groups was still 
significantly (P<0.001) higher than in the control 

group. A significant difference (P<0.05) in TNF-α 
concentration was observed between AgNPs 
groups with the lowest concentration in the 
AgNP200 group.

Group that received 2 ml/kg AgNPs 10% w/v 
solution showed a significant (P<0.001) decrease 
in PDGF-β level compared with HFHCD, AgNP100, 

Fig. 3. Effect of silver nanoparticles (AgNPs) on (a) hepatic malondialdehyde (MDA), (b) serum C-reactive protein (CRP), (c) hepatic 
monocyte chemoattractant protein-1 (MCP-1) in high-fat high carbohydrate diet (HFHCD) induced insulin resistance model in rats. 
Signifi-cance: **, *** P<0.01, 0.001, respectively compared with control group; ### P<0.001 com-pared with HFHCD group; π P<0.05

 

  

Fig. 4. Effect of silver nanoparticles (AgNPs) on hepatic (a) interleukin (IL)-1β and (b) IL-6 in high-fat high carbohydrate diet (HFHCD) 
induced insulin resistance model in rats. Significance: **, *** P<0.01, 0.001, respectively compared with control group; ### P<0.001 

compared with HFHCD group; π P<0.05
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and AgNP150 groups. Smaller doses of AgNPs also 
decreased growth factor level, but they remained 
significantly (P<0.001) higher than the control 
group level (Figure 5b). 

DISCUSSION
In the current study, rats fed HFHCD showed 

elevated serum glucose levels and hyperinsulinemia. 
Besides, significant dyslipidemia was observed 
in this group confirming metabolic changes 
accompanying developed insulin resistance. Oral 
administration of AgNPs resulted in improving 
lipid profile biomarkers, halting lipid peroxidation, 
regulating insulin and blood glucose levels in 
addition to modulating inflammatory cytokines. 

The pathogenesis involved in NAFLD 
development is complex and multifactorial. 
The “two hit” theory is the best to describe 
pathogenesis [25]. The first hit after the intake 
of high dietary fat is steatosis which liberates 
free fatty acids from adipose tissue and induces 
hepatic lipid secretion inadequately with insulin 
resistance [26]. Afterward, the second hit involves 
oxidative stress induction, lipid peroxidation, 
and inflammatory cytokine release leading to 
steatohepatitis [25].

One of the accepted assumptions about the 
mechanisms behind B-cell dysfunction/insulin 
receptor hypofunction (insulin resistance) and 
the consequently impaired glucose tolerance is 
the increased production of oxygen species [27]. 
Moreover, such increased oxygen species may 
be the underlying mechanism of vascular injury 
either macrovascular or microvascular as the most 
dangerous complications of T2D [28]. Accordingly, 
using antioxidant therapies would be beneficial 

for diabetic patients as management or even a 
prophylactic therapy for high-risk patients.

The limited absorption and ineffective 
distribution of the currently available oral 
antioxidants may account for their low efficiency. 
Metallic nanoparticles (MNPs) based therapy 
has many benefits as an antioxidant therapy 
which include higher bioavailability, less dosing 
frequency, good chance for passing through the 
drastic conditions in the stomach, in addition to 
lower side effects and more site specificity [29]. 
Some studies reported a potential increase in 
intracellular oxidative stress on using certain MNPs 
due to mitochondrial damage [30]. In the current 
study, AgNPs decreased lipid peroxidation as 
indicated by low MDA hepatic content supporting 
its antioxidant capability. In addition, AgNPs can 
act as scavengers for reactive oxygen species 
accounting for another proposed antioxidant 
mechanism [31].

Silver nanoparticles have a wide range of 
particle sizes varying from 2 nm to several 100 nm. 
They are among the smallest MNPs available for 
medical use with very low toxic potentialities. The 
toxicity of AgNPs in vivo depends on particle size 
and complexity of biological systems which affect 
particles’ cellular uptake and accumulation [32]. 
An acute toxicity study on mice showed various 
histopathological changes as hepatic focal necrosis 
and spleen congestion after administration of 
smaller-sized AgNPs (10 nm in diameter) while 
these changes were not evident with larger 
particles (60 and 100 nm) [33]. On the contrary, 
in vitro studies reported that cytotoxicity of AgNPs 
occurs obviously with the nanoparticles of size 
more than 100 nm where most affected tissues 

 

Fig. 5. Effect of silver nanoparticles (AgNPs) on hepatic (a) tumor necrosis factor (TNF)-α and (b) platelet-derived growth factor 
(PDGF) in high-fat high carbohydrate diet (HFHCD) induced insulin resistance model in rats. Significance: *** P<0.001 com-pared with 

control group; ### P<0.001 compared with HFHCD group; π P<0.05
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include immune cells, lung epithelial cells, skin, and 
neurons [34]. Also, AgNPs have the advantages of 
a large surface area and more ability to stimulate 
different ligands’ functions [35, 36]. The use of 
AgNPs as a potent antioxidant may represent a 
promising treatment for insulin resistance and 
NFLD induced by HFHCD. Understanding the 
mechanisms employed by AgNPs for controlling 
glycemic status is a cornerstone for its application 
in managing metabolic changes in T2D patients. 
The present study was designed as a trial to 
investigate some of these mechanisms.

Some investigators suggested that waving 
blood glucose levels may be the underlying 
cause of the increased oxidative stress more 
than chronic hyperglycemia [37, 38]. Studying 
the effect of unsteady vs. steady glycemic state 
in cells isolated from human kidneys revealed 
increased production of TGF-β and IGFBP-3 in the 
medium that was exposed to the unsteady glucose 
concentration more than in that which was 
exposed to a steady elevated glucose level [39].

A new strategy for controlling the blood glucose 
level in T2D without dietary intervention would be 
a breakthrough in the dilemma of controlling the 
glycemic status. Despite the valuable advantages 
of therapeutic lifestyle modification, it may be 
problematic for many patients to follow the 
recommendations needed for such type of therapy 
because of the natural tendency for laziness and 
overeating in the modern world [40]. Our study 
supports the assumption of AgNPs’ validity in 
improving the hepatic role in controlling lipid and 
carbohydrate metabolism in rats suffering from 
insulin resistance induced by HFHCD received 
chronically. 

Feeding rats with HFHCD was accompanied by 
an increase in liver MDA content. Accumulated 
liver fats stimulate the expression of NADPH 
oxidase which in turn increases the production of 
oxygen free radicals [41]. The dysregulated hepatic 
redox state results in 1) hepatic mitochondrial 
damage leading to inhibition of the mitochondrial 
biogenesis and decreased utilization of lipids by 
the mitochondria and dyslipidemia as the net 
result [42,43] and 2) stimulation of monocytes 
and neutrophil infiltration into the liver to 
phagocyte the excess production of oxygen 
species and streaming of hepatic proinflammatory 
cytokines specially IL-1β, IL-6, PDGF, and TNF-α 
by the resident and recruited macrophages and 
neutrophils. These proinflammatory cytokines 

aggravate the dysregulation of mitochondrial 
biogenesis and dyslipidemia [44,45]

Administration of AgNPs reduced lipid 
peroxidation and measured inflammatory cytokines 
and CRP levels indicating an improvement in the 
inflammatory status. In addition, AgNPs reduced 
MCP-1 hepatic content which plays a critical role 
in monocytes and neutrophils’ recruitment into 
the liver [46, 47]. Halting the activity of MCP-1 and 
immune cell recruitment limits the streaming of 
proinflammatory cytokines in liver tissue.

Another supporting observation is the 
significant normalization of insulin blood levels 
in animals fed HFHCD concurrently with AgNPs. 
Induction of NAFLD in rats via HFHCD leads to 
suppression of the ability of hepatic insulin to 
induce glycogenesis [48]. This diminished ability 
of hepatic insulin to suppress hepatic glucose 
production is attributed to the increased hepatic 
oxidative stress, liver fat accumulation, and 
subsequent liver inflammation [49,50].  It also 
leads to hyperinsulinemia as a direct result of 
increased hepatic glucose production [51]. The 
decreased hyperglycemia in AgNPs received 
groups may indicate the restoration of the hepatic 
role in controlling carbohydrate metabolism.

The increased hepatic production of pro-
inflammatory cytokines, such as TNF-α and IL-6 
because of overnutrition with HFHCD are among 
the critical links between fatty liver and insulin 
resistance [52]. TNF-α is an adipose tissue-derived 
pro-inflammatory cytokine. It was found that 
insulin sensitivity is inversely proportional to the 
increased activity of TNF-α and thus targeting 
TNF-α signaling could be a successful therapeutic 
approach for management of insulin resistance 
[53]. Reactive oxygen species are the crucial 
regulators of TNF-α signaling [54, 55] and they 
sensitize liver cells to TNF-α inflammatory and 
apoptotic effects. Accordingly, the antioxidant 
effect of AgNPs is delegated to be the modulator 
of the TNF-α signaling pathway in liver cells and 
hence decreased NAFLD-induced insulin resistance 
in the treated group.

Many investigators mentioned that the 
increased activity of IL-6 in the liver is directly 
proportional to insulin resistance and treatment 
with IL-6 antibodies increases hepatic insulin 
sensitivity [56-58]. However, the role of IL-6 in 
NAFLD is a matter of debate. It was reported 
that IL-6 improves mitochondrial biogenesis 
and decreases lipid disturbance [59]. Results of 
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the present study showed a reducing effect of 
AgNPs on hepatic IL-6 activity and are strongly 
accompanied by a significant improvement 
of hepatic insulin resistance as indicated by 
ameliorating hyperinsulinemia in the treated 
groups.

CONCLUSION
From the obtained results a potential ability 

of AgNPs to modulate metabolic changes 
accompanying NAFLD can be proposed. Silver 
nanoparticles showed an antioxidant effect 
that limits lipid peroxidation and in turn can 
halt initial injury pathways. In addition, they 
decrease inflammatory cell infiltration, reducing 
inflammatory cytokines involved in insulin 
resistance and progression of NAFLD. Further 
studies on different models of insulin resistance 
and diabetic metabolic changes are recommended. 
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