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Abstract
ZnO and ZnO nanoparticles (ZnO NPs) are widely used in food packaging, food preservation,
cosmetic preparation, and animal feed. ZnO is alleged showing multiple bioactivities including
antimicrobial and anti-inflammation. It is hypothesized in this study that bulk ZnO and ZnO
NPs could attenuate symptoms associated with high-fat-diet–induced obesity. Bulk ZnO and
ZnO NPs with diameters of 30 and 90 nm were administered to high-fat-diet (HFD)–induced
obese mice. Body weight, liver and fat tissue indices of ZnO-treated mice were decreased
compared with those of obese mice (MOD). Blood glucose levels in oral glucose tolerant test
and insulin tolerant test of ZnO-treated mice were lower than those of MOD. Serum lipid
profile of ZnO-treated mice was ameliorated with lower total cholesterol, total triglyceride, and
low-density lipoprotein cholesterol levels compared with that of MOD. In addition, the levels
of serum IL-1β and LPS-binding protein were also decreased by ZnO treatment. Both bulk
and nanosized ZnO could attenuate HFD-induced phenotypes related with obesity, but ZnO
NP is more efficient to lower the fat index and bulk ZnO is better to restore the disturbed serum
lipid profile.
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Introduction

Zinc is one essential microelement for many biological functions. Zinc oxide (ZnO) is a widely
used food additive for zinc fortification. Due to its safety profile, ZnO is considered by the
FDA as a generally recognized safe substance. ZnO nanoparticle (ZnO NP) is one ZnO form
with a diameter smaller than 1 μm which presents several unique biological properties
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including anticancer and antimicrobial activities [1]. Recent studies proved that ZnO NPs
could significantly inhibit the growth of several important food-borne pathogens including
Escherichia coli, Salmonella typhimurium, and Staphylococcus aureus [2, 3]. Hence, ZnO was
also added to prepare food package film, endowing higher mechanical strength, lower water
evaporation, lower degree of UV-induced oxidation, etc. [4].

On the other hand, both bulk ZnO and ZnO NPs are widely used to prevent and treat
diarrhea in weaning piglets [5]. A large amount (3000 mg/kg BW) of ZnO and ZnO NP
supplements could decrease the abundance of Campylobacterales and increase the abundance
of Enterobacteriales in weaning piglets. Additionally, ZnO NP decreases the mRNA expres-
sion level of several inflammation cytokines, such as IFN-γ, IL-1β, TNF-α, and NF-κB of
weaning piglets, and promotes growth performance [6]. As a nutritional fortification and
antibiotic alternative, ZnO NP is superior to bulk ZnO in terms of higher intestine absorption
and higher bioavailability due to its nanoscale size and consequent physicochemical
properties.

However, due to its wide usage in food, feed, and cosmetic industry, its toxic
characteristic also attracts much attention. When in a biological environment, ZnO
NP dissociates and releases Zn ions, which may produce reactive oxygen species and
elevate cellular oxidative stress [7]. Casey et al. investigated the impact of three ZnO
NPs with different diameters (26, 78, and 147 nm) on human lymphoblastoid cells and
concluded that both particle internalization and cytotoxicity were size dependent [8].
Kim et al. proved that ZnO NP treatment suppressed the level of several inflammatory
cytokine expression in C57BL/6 mice and concluded that ZnO NP may induce
immunotoxicity [9]. On the other hand, many researchers assessed toxicity of
nanomaterials like ZnO NP using novel analysis methods [10, 11]. Hence, the impact
of ZnO NP supplement on health status is inconsistent and needs more researches to
resolve this problem.

Obesity is one ubiquitous health problem both in developed and developing countries. It is
evident that obesity is more prominent in young people with the popularity of fast food and a
sedentary lifestyle. As released from a World Health Organization survey in 2016, about 39%
of adults are overweight, 13% of whom are obese. In the global scale, more than 41 million
children were overweight in 2016 [12]. It should be noted that obesity is not only an esthetic
problem but also a serious health risk related with many chronic diseases like diabetes, low-
degree inflammation, cardiovascular disease, and cancer [13].

To curb the obesity epidemic, several food supplements have been investigated. For
instance, functional polysaccharides isolated from fermentation broth, vegetable, and
animals show strong antihyperlipidemic and anti-obesity activities [14–16]. A cohort
survey of Chinese people indicated that a low level of zinc consumption was highly
associated with obesity-related biomarkers including blood pressure, fasting glucose,
and triglycerides which could be ascribed to substantial roles played by zinc in
immunity, enzyme activity, inhibition of oxidative stress, etc. [17]. Several other studies
also proved that zinc supplements could be helpful to regulate obesity and related
phenotypes [18, 19]. But information of how bulk and nanosized ZnO could impact
obesity is still very scarce.

Hence, the present study was aimed to investigate effects of bulk ZnO and ZnO NPs on
phenotypes of obesity, especially glucose and lipid metabolism, inflammation profile, and
other important biomarkers. Mice were fed with a high-fat diet (HFD) to induce obesity which
was followed by treatment of bulk ZnO and ZnO NPs (30 nm and 90 nm) for 4 weeks. Our
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result will provide valuable information to further researches about the biological functions of
bulk ZnO and ZnO NPs.

Materials and Methods

Chemicals and Reagents

Bulk ZnO (pharmaceutical grade, purity of 99–100.5%) and ZnO NPs (30 ± 10 nm and
90 ± 10 nm, both purity of 99.9% on metal basis) were purchased from Aladdin Chem-
ical Co., Ltd. (Shanghai, China). Test kits for low-density lipoprotein cholesterol (LDL-
c) (reference number A113-1), high-density lipoprotein cholesterol (HDL-c) (reference
number A112-1), total cholesterol (TC) (reference number A111-1), lipopolysaccharide
(LPS) (reference number A054-2-1), lipopolysaccharide-binding protein (LBP) (refer-
ence number H253), and triglyceride (TG) (reference number A110-1) were all provided
by Nanjing Jiancheng Bioengineering Institute (Nanjing, China). ELISA test kits for IL-
1β (reference number PI301), IL-6 (reference number PI326), IL-10 (reference number
PI522), TNF-α (reference number PT512), and insulin (reference number PI-602) were
purchased from Shanghai Meilian Co., Ltd. (Shanghai, China). All other chemicals used
in this study were of analytical grade without further purification.

Animal Grouping and Treatment

A total of 35 Kunming mice, with an average body weight of 20 ± 2 g and age of 8 weeks,
were purchased from Laboratory Animal Center of Anhui Medical University, Hefei, China.
All mice were raised in standard conditions (23 ± 2 °C, 55 ± 5% relative humidity, 12 h light/
dark cycle), and fed a standard diet for 1 week to acclimatize before the experiment started.
After that, mice were randomly allocated into five groups (n = 7): normal control group
(CON), obesity model group (MOD), bulk ZnO treatment group (ZnOb), ZnO NP 30 nm
treatment group (ZnO NP 30), and ZnO NP 90 nm treatment group (ZnO NP 90). Mice in
CON were fed with a standard diet and all other groups were fed with HFD for 8 weeks
successively to induce obesity. The formula of HFD is displayed in Table S1 which was
determined according to a previous publication [20]. From the 9th week, mice in CON and
MOD were gavaged with 0.2 mL distilled water, while mice in ZnOb, ZnO NP 30, and ZnO
NP 90 were gavaged with 0.2 mL of suspension solution containing bulk ZnO, ZnO NP
30 nm, and ZnO NP 90, respectively, at the concentration of 0.18 g/mL [5]. Gavage treatment
was performed for 4 weeks. Afterward, all the mice were fasted overnight before sacrifice by
dislocation of the neck. Serum was separated and stored in a fridge at − 80 °C for subsequent
analyses. Liver and fat tissues were harvested and weighted. Histological changes were
observed on a light microscope after tissue fixation and paraffin sections. Organ index was
calculated as organ weight (g)/body weight (g) × 100%.

Liver, Fat, and Colon Histological Observation

Tissue was fixed in 10% formalin, imbedded in paraffin, dehydrated in graded alcohol, and cut
into 5-μm-thick slices. Tissue slices were stained with hematoxylin-eosin (H&E), followed by
observation on a light microscope.
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Oral Glucose Tolerance Test and Insulin Tolerance Test

Three days before sacrifice of mice, oral glucose tolerance test (OGTT) was performed
according to the reported method [21]. After fasting for 6 h, all the mice were gavaged with
2.0 g/kg BWof the glucose solution. Blood glucose levels were measured with a glucometer at
0 (basal glucose level), 30, 60, 90, and 120 min after glucose loading. One day before sacrifice
of mice, insulin tolerance test (ITT) was undertaken in accordance with the reported method
[22]. Mice were fasted for 6 h and injected intraperitoneally with insulin saline solution at the
dosage of 1 U/kg BW. Blood glucose levels were recorded at 0 (basal blood glucose level), 30,
60, 90, and 120 min after insulin injection. Areas under the curve of OGTT and ITT were
calculated as OGTT-AUC and ITT-AUC.

Serum Lipid Profiles and ELISA Biochemical Biomarkers

Concentrations of HDL-c, LDL-c, TG, and TC in serum were measured using commercial
kits. Concentrations of LPS, LBP, and insulin in serum, IL-1β, IL-6, IL-10, and TNF-α in
serum, adipose, and liver tissue were determined by commercial ELISA kits.

Statistical Analysis

All data were presented as mean ± standard deviation after being statistically processed.
Software SPSS 13.0 was used for ANOVA analysis of the intergroup deviation and p < 0.05
was used to determine significant difference.

Results and Discussions

Body Weight, Organ Indices, and Organ Morphology

From the start of HFD treatment, the body weight (BW) of each group was monitored
which was showed in Fig. 1a. BW of MOD was significantly higher than that of CON,
indicating that HFD induced obesity in MOD. On the other hand, mean BW of ZnOb,
ZnO NP 30, and ZnO NP 90 was lower than that of MOD. It is noted that BW of ZnO
NP 30 was quite similar with that of CON. BW result suggests that both bulk ZnO and
ZnO NP treatments are beneficial to reverse obesity induced by HFD while ZnO NP is
superior than bulk ZnO. Impact of ZnO NP on body weight is related with the dosage as
low levels of ZnO NP increase the BW but high levels of ZnO NP decrease the BW of
mice fed with a normal diet [23]. Mice treated with ZnO NP at 5000 mg/kg BW showed
decreased BW as well as other toxic symptoms. However, Feng et al. pointed out that
ZnO NP has little impact on BW of hens [24]. They treated hens with a relatively low
level of ZnO NP within the range of 25–100 mg/kg BW and suggested that ZnO NP
impacts major blood metabolites through modulating the microbiota profile. However,
when fed to broilers, a low dosage of ZnO NP increases the bird’s BW but a high dosage
of ZnO NP decreases the bird’s BW [25]. Hence, the effect of ZnO on BW may relate
with both the dosage and the ZnO NP size. It should be also noted that mice in each
group presented high individual differences, which necessitates further studies to inves-
tigate the effect of ZnO on BW.
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Liver, fat tissue, and kidney were harvested after all the mice were sacrificed. It was found
that compared with that in CON, liver index in MOD was higher which resulted from HFD-
induced obesity (Fig. 1b). Obese mice accumulated high levels of fat in their liver which
increased its weight and pro-inflammation cytokine expression. Zinc supplement in the form of
zinc sulfate in solution could ameliorate alcohol-induced liver damage through attenuation of
oxidative stress, expression of inflammation cytokines, and major enzymes in the ethanol
metabolic pathway [26]. However, a high dose of ZnO NP (mean diameter of 270 nm)
treatment increased alanine aminotransferase and alkaline phosphatase concentration and
induced lesions and oxidative stress to the liver [27]. It is speculated that the impact on liver
function of ZnO is related with both the dosage and its particle size. In our study, HFD increases
serum lipid level that induces fat accumulation in liver which is attenuated by ZnO treatment.

Fat tissue index in MOD was also higher than that of CON (Fig. 1c). ZnO and ZnO NP
treatments decreased fat tissue index, which was lower than that of MOD but higher than that
of CON. Furthermore, bulk ZnO decreased fat level but with no significant difference. Both
ZnO NP 30 and 90 treatments significantly decreased fat tissue index. Hence, it was speculated
that ZnO supplement could inhibit HDF-induced obesity. Kidney index showed that both bulk
ZnO and ZnO NP treatments presented no renal toxicity (Fig. 1d) which was also confirmed
by a previous report [23].

Histological images of liver, fat, and colon were displayed in Fig. 2. The liver cell of CON
was neatly arranged with no obvious fat droplets. An oval white spot in the center of CON
liver is a blood vessel. HFD accelerates fat accumulation in the liver as shown in the picture of
a MOD liver which contains a significant amount of fat droplets (round white spots).
Treatment by bulk ZnO significantly reduced the number of fat droplets which was similar
with that of CON. The liver morphology of ZnO NP 90 also resembled that of CON while the

Fig. 1 (a) Body weight change started from the 1st week after high-fat diet (HFD) was provided to mice, ending
at 12th week afterward. (b) Liver index of control (CON), HFD-induced obesity model (MOD), bulk ZnO-
treated group (ZnOb), ZnO NP 30 nm–treated group (ZnO NP 30), and ZnO NP 90 nm–treated group (ZnO NP
90). (c) Fat index of each group. (d) Kidney index of each group. A bar with different superscripts means
significant difference (p < 0.05)
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liver of ZnO NP 90 contains a small amount of fat droplets. The morphology of fat tissue
reveals the same trend. Fat cells in MOD were significantly enlarged compared with those of
CON, indicating more fat was deposited in fat cells in MOD. However, both bulk and ZnO NP
treatments reduced the size of individual fat cells and the number of fat cells in one field of
microscope. Hence, both liver and fat tissue histological properties indicate that ZnO treatment
could inhibit fat accumulation. There is no significant difference between the pictures of the
colon of different groups. Besides, morphology of the small intestine and kidney was also
examined (shown in Fig. S1). It is obvious that the ZnO supplement presented no obvious
toxic effect on these two important organs. Miri Baek et al. reported that ZnO NP treatment
exerted no significant impact on histological properties of liver and kidney [28]. They also
proved that even administered at a very high level (2000 mg kg−1 BW), no ZnO NP was
detected in major organs examined by TEM [29].

OGTT and ITT

Obesity is highly correlated with high blood glucose level and insulin resistance as
proven in a previous publication [30]. OGTT was carried out to examine the response of
mice to high levels of glucose loading (Fig. 3). It was obvious that MOD presented a
higher blood glucose level than CON, suggesting that obesity interferes with glucose
metabolism and enhances glucose level. The ZnO supplement decreased the peak value
of glucose levels while ZnO NP was more efficient. OGTT-AUC area also indicates that
MOD increased the AUC area compared with CON. ZnO NP treatment decreased the
OGTT-AUC value which is comparable with that of CON. Hence, OGTT revealed that
both bulk and ZnO NPs could revert the abnormal high blood glucose level induced by
HFD, and ZnO NP has a stronger effect. Umrani and Paknikar reported that diabetic rats
treated with ZnO NP at concentrations of 3 and 10 mg/kg BW showed lower peak value
and AUC value in the OGTT which corroborated our result [19]. The improved OGTT
profile may be related with increased antioxidant capacity, or inhibition of α-glucosidase
and α-amylase activities in the intestinal track [31].

Fig. 2 Histological properties of the liver, fat tissue, and colon sections (200×) of control (CON), HFD-induced
obesity model (MOD), bulk ZnO–treated group (ZnOb), ZnO NP 30 nm–treated group (ZnO NP 30), and ZnO
NP 90 nm–treated group (ZnO NP 90)
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Insulin could decrease the blood glucose level. But obesity renders animals resistant
to insulin functions, exhibiting a higher blood glucose level than normal. As shown in
Fig. 3c, after insulin injection, the glucose level of CON decreased significantly. The ITT
curve of MOD decreased at first and began to increase 30 min after insulin injection.
After 120 min since insulin injection, the glucose level of MOD almost rebounded to the
basal value while the level of CON was still very low. The curves of ZnO showed
significant differences among each other. It was obvious that the ITT curve of ZnO NP
90 was similar with that of MOD, but that of bulk ZnO and ZnO NP 30 resembles that of
CON. The ITT-AUC value verifies our observation of the ITT curve. The different
responses of ITT and OGTT to different zinc sources may be attributed to the surface
properties of ZnO NP as shown by Adersh Asok et al. that smaller ZnO quantum dots are
more efficient to inhibit α-amylase and α-glucosidase activities which are highly related
to serum glucose level [31]. The authors concluded that smaller ZnO quantum dots
present a higher surface defect density that was responsible for their bioactivities.
Moreover, as an essential microelement, zinc could reinforce the activities of insulin
by enhancing its signal transduction and reducing the cytokine production [32].

Very little information is available about the impact of ZnO supplement on OGTT and ITT
in obese mice. Short- and long-term treatments by ZnO NP reduced the OGTT and ITT values
and their respective AUC value in diabetic rats [19]. Mohd Idreesh Khan et al. also pointed out
that high-dose zinc sulfate supplement to type 2 diabetic nephropathy patients significantly
decreased mean fasting blood glucose and post-prandial blood glucose levels [18]. Our result
was in line with that of previous publications. However, Huang et al. reported that long-term
treatment of high-dose zinc supplement increased the OGTT value while the ITT value
decreased [33]. The inconsistent results may be ascribed to different zinc sources, dosages,
or treatment periods which requires further researches.

Fig. 3 (a) Glucose level changes in the oral glucose tolerant test (OGTT) of control (CON), HFD-induced
obesity model (MOD), bulk ZnO–treated group (ZnOb), ZnO NP 30 nm–treated group (ZnO NP 30), and ZnO
NP 90 nm–treated group (ZnO NP 90). (b) The OGTT-area under curve (OGTT-AUC) value of each group. (c)
Glucose level changes in the insulin tolerant test (ITT). (d) The ITT-AUC value of each group. A bar with
different superscripts means significant difference (p < 0.05)
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Serum Lipid Profile and Insulin Level

HFD-treated mice present higher serum levels of TC, TG, and LDL-c with lower levels of
HDL-c [34]. ZnO supplement significantly reverted the disturbed serum lipid profile as shown
in Fig. 4. The elevated level of TC was decreased by both bulk and nanosized ZnO. But the
values of ZnO-treated mice were higher than those of CON. On the other hand, TG values of
ZnO-treated mice showed no significant difference from those of CON. Our observation
agreed with published results as zinc supplement could significantly reduce the level of TG
[17, 18]. Meanwhile, LDL-c was also decreased which was still higher than that of CON. The
HDL-c value was enhanced by the treatment of ZnO. The insulin level of MOD is higher than
that of CON. ZnO supplement showed no significant effect on the insulin level, indicating
ZnO treatment exerts no impact on the secretion of insulin in HFD-induced obese mice (Fig.
S2). It was reported that RIN-5F cells treated low levels of ZnO NP (1 μg/mL and 3 μg/mL)
secreted a higher level of insulin which was decreased when treated with ZnO NP of higher
concentrations [19]. Moreover, type 2 diabetic rats treated a higher dosage of ZnO NP
(10 mg/kg) showed higher serum insulin levels compared with control and lower dosage
treated ones. Different results about insulin secretion may be caused by the different animal
models employed in our study.

Inflammation Profile and LPS Level

Obesity usually disturbs the inflammation balance which increases the level of pro-
inflammatory cytokines and decreases the level of anti-inflammatory cytokines. Our results

Fig. 4 (a) Serum level of total cholesterol (TC) of control (CON), HFD-induced obesity model (MOD), bulk
ZnO–treated group (ZnOb), ZnO NP 30 nm–treated group (ZnO NP 30), and ZnO NP 90 nm–treated group
(ZnO NP 90). (b) The serum level of total triglyceride (TG) of each group. (c) The serum level of low-density
lipoprotein cholesterol (LDL-C) of each group. (d) The serum level of high-density lipoprotein cholesterol
(HDL-C) of each group. A bar with different superscripts means significant difference (p < 0.05)
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showed that MOD presented higher IL-1β and slightly decreased level of IL-10, but showed
little impact on IL-6 and TNF-α (Fig. 5). ZnO supplement significantly decreased the elevated
IL-1β which was similar with that of CON. IL-6, TNF-α, and IL-10 were not altered by the
ZnO treatment. Nagajyothi et al. also reported that ZnO NP could decrease the expression of
iNOS, COX-2, IL-1β, IL-6, and TNF-α in the cell [35]. In the present study, both bulk and
ZnO NPs decreased the level of IL-1β but bulk ZnO and ZnO NP 30 were more effective than
ZnO NP 90. Size and surface properties may be responsible for the different anti-inflammation
abilities.

At the same time, inflammation profiles in the liver and fat tissues were also examined (Fig.
S2). In line with the trend revealed in the serum, the IL-10 level in the liver and fat tissue of
MOD was slightly decreased compared with that of CON, indicating lower anti-inflammation
capacity caused by obesity. On the other hand, bulk ZnO– and ZnO NP–treated groups showed
higher IL-10 concentration than MOD. The level of IL-6 in MOD was higher than that in CON
in fat but not in the liver, suggesting a higher pro-inflammation level in fat tissue. ZnO reverted
the IL-6 level which was similar with that of CON. The same trend was also showed in the
concentration of TNF-α as both ZnO and ZnO NP treatments reduced the level of elevated
TNF-α. ZnO NP with different sizes and surface properties induced immunosuppression both
in cell and mice as serum levels of pro-/anti-inflammatory cytokines were suppressed [9].
However, little information about the impact of ZnO NP on obese mice is available. Hence, the
size and surface properties of ZnO NP should be carefully manipulated to exert positive effects
on the inflammation profile.

HFD also disturbs the permeability of colon and increases the serum level of LPS which
also contributes to deterioration of inflammation status [36]. Hence, we analyzed serum LPS
and LBP levels. As stated in previous publications, HFD tends to increase serum LPS and LBP
levels due to the decreased colon permeability and disturbed microbiota profile [36]. In the
present study, LPS concentration in MOD was slightly higher than that in CON. Treatment by
both bulk and nanosized ZnO reduced the LPS level, indicating a lower endotoxin level. LBP
is the binding protein for LPS, which reflects the level of LPS. Additionally, the level of LBP
in MOD was significantly higher than that in CON, suggesting that LBP is more sensitive for

Fig. 5 (a) Serum IL-1β level of control (CON), HFD-induced obesity model (MOD), bulk ZnO–treated group
(ZnOb), ZnO NP 30 nm–treated group (ZnO NP 30), and ZnO NP 90 nm–treated group (ZnO NP 90). (b) Serum
IL-6 level of each group. (c) The IL-10 level of each group. (d) Serum TNF-α level of each group. (e) Serum
lipopolysaccharide (LPS) level of each group. (f) serum LPS-binding protein (LBP) level of each group. A bar
with different superscripts means significant difference (p < 0.05)
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detection than LPS. Moreover, the LBP level of both bulk- and nanosized ZnO-treated groups
was significantly lower than that of MOD. There is no significant difference between CON and
ZnO-treated groups. As LPS could activate the NF-κB pathway and induce expression of
several pro-inflammation cytokines, reducing the level of LPS is of importance to ameliorate
the inflammation state induced by obesity [37].

Collectively, the ZnO treatment could reduce the pro-inflammation cytokine level and
enhance the anti-inflammation cytokine concentration both in serum, liver, and fat tissue of
HFD-induced obese mice. Moreover, LPS and LBP levels were also restored by the ZnO
treatment. It should be also noted that there is no significant difference between bulk ZnO and
ZnO NPs, but further studies are needed to investigate their impact on other important
biomarkers pertaining obesity.

Conclusion

In the present study, ameliorated effects of ZnO and ZnO NP on HFD-induced obesity
were investigated. Body weight was decreased slightly by the ZnO treatment, and the
liver index was also decreased compared with that of MOD. The ZnO NP treatment
could significantly decrease the fat index as well as the size of fat cell compared with
MOD. Meanwhile, both bulk ZnO and ZnO NPs could regulate the blood glucose level
in OGTT and ITT. Profiles of serum lipids and pro-inflammation cytokines were
improved by the ZnO treatment. A reduced level of pro-inflammation cytokines and
LPS could restore the impaired insulin pathway in obese mice. Along with improved
serum lipid profile, insulin sensitivity in fat and liver could also be improved. The
present study proved that both bulk and ZnO NP supplements are beneficial to restore
the phenotypes of HFD-induced obesity, especially the glucose and lipid levels, but the
mechanism of which needs further investigations.
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