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Abstract
Background: Epidemiological studies support the association between inadequate vitamin C
(Vc) intake and non-alcoholic fatty liver disease (NAFLD). However, the intervention dose of Vc and
the mechanisms of its action in NAFLD are unclear. This study aimed to investigate the prophylactic and
therapeutic effects of low, medium and high doses of Vc on NAFLD.
Methods: C57BL/6 mice were randomly assigned to prophylactic groups or therapeutic groups. Each
group had five subgroups: control subgroup (C), high-fat subgroup (HF), low-dose Vc subgroup (15 mg/kg
per day, LVc), medium-dose Vc subgroup (30 mg/kg per day, MVc), and high-dose Vc subgroup (90 mg/kg
per day, HVc). In prophylactic groups, mice received high-fat diet (HFD) and simultaneously supplied
with different doses Vc for 12 weeks. In therapeutic groups, mice were fed HFD for 6 weeks to form
NAFLD model, and then treated with different dose Vc for 12 weeks.
Results: Prophylactic LVc and MVc administration reduced the risk of NAFLD development in HFD-fed
mice, as evidenced by significantly lowered body weight, perirenal adipose tissue mass, and steatosis,
whereas prophylactic HVc administration did not prevent HFD-induced NAFLD development. Furthermore,
therapeutic MVc administration significantly ameliorated HFD-induced increase in body weight, perirenal
adipose tissue mass and steatosis, whereas therapeutic LVc and HVc administration did not ameliorate
NAFLD symptoms. In fact, therapeutic HVc administration significantly increased body weight, perirenal
adipose tissue mass and lobular inflammation. Moreover, prophylactic LVc administration was more
effective than therapeutic LVc administration as evidenced by significantly lower body weight, perirenal
adipose tissue mass, steatosis, ballooned hepatocytes, and lobular inflammation in the prophylactic LVc
subgroup. And same trends were observed between prophylactic HVc administration and therapeutic
HVc administration. In addition, all Vc-administered mice exhibited low blood glucose, triglycerides, and
homeostasis model assessment of insulin resistance values and high adiponectin levels compared to HF
mice.
Conclusion: MVc was beneficial for HFD-induced NAFLD prophylaxis and therapy. LVc prevented HFDinduced NAFLD development, while HVc for NAFLD management was risky. This study offers valuable
insight into the effect of various Vc doses on NAFLD management.

Background
Non-alcoholic fatty liver disease (NAFLD) is a hepatic manifestation of metabolic syndrome associated
with obesity, insulin resistance (IR), type 2 diabetes mellitus, and dyslipidemia[1, 2]. NAFLD has rapidly
become the most prevalent cause of liver dysfunction in many developed and developing countries, in
line with the increasing prevalence of obesity and IR as lifestyles become increasingly sedentary and
dietary patterns change[3]. Lifestyle modification that includes weight loss and structured exercise
remains the cornerstone of NAFLD prevention and treatment. Oxidative stress, defined as an imbalance
between the production of reactive oxygen species production and protective antioxidants, is a common
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final pathway in free fatty acid lipotoxicity, which is considered as a major mechanism of hepatocellular
injury and disease progression in patients with NAFLD[4]. Adiponectin is an adipocyte-derived secretory
protein that acts by binding and activating two different receptor isoforms (AdipoRI and AdipoRII) and
exerts beneficial systemic metabolic effects by acting on adipogenesis, atherosclerosis, insulin sensitivity,
and inflammation[5]. Furthermore, it is strongly associated with the risk of metabolic syndrome as well as
the development and progression of NAFLD[6–8].
Vitamin C (Vc) is a remarkably safe and water-soluble vitamin, even at 10–100 times the recommended
dietary allowance (RDA) when taken orally[9]. The RDA for Vc set by different health agencies around the
world has traditionally been intended to prevent Vc deficiency and ranges widely from 40–110 mg/day
for adults; however, 200 mg/day is the optimum dietary intake for the majority of the adult population to
maximize the potential health benefits of Vc[10]. Vc exerts pleiotropic pharmacological effects and
exhibits antioxidant properties such as scavenging reactive oxygen species and reducing oxidative stress
in vitro and in vivo[11]. It has potential effects in alleviating inflammatory conditions by reducing hs-CRP,
IL-6, and fasting blood glucose in hypertensive and/or diabetic obese patients[12]. Moreover, Vc may be
associated with glucose and lipid homeostasis[13, 14] and can suppress high fat diet (HFD)-induced
visceral obesity and NAFLD by activating the peroxisome proliferator-activated receptor α (PPARα)[15].
Unlike most animals, humans cannot synthesize Vc because they lack the terminal enzyme required in
the Vc biosynthetic pathway; therefore, humans must acquire Vc dietarily[16]. Plasma Vc is inversely
associated with islet autoimmunity and type 1 diabetes risk[17] and Vc supplementation may be of
beneficial in reducing hyperglycemia and blood pressure in individuals with type 2 diabetes mellitus[18,
19]. Recently, a number of epidemiological studies indicated a Vc intake below the RDA in NAFLD
patients, suggesting an association between dietary habits, disease, and Vc deficiency[20]. However,
whether Vc supplementation is associated with preventing NAFLD development or the improvement of
patients that already have NAFLD remains unclear and current literature on optimal Vc doses in NAFLD
patients is scant.
This study aimed to explore the prophylactic and therapeutic effects of different doses of Vc on HFDinduced NAFLD in mice. Low, medium and high doses of Vc (15, 30, and 90 mg/kg per day, respectively)
were applied in the prophylactic and therapeutic groups. Visceral fat, biochemical variables and liver
histology were analyzed to explore the intervention effects based on different doses of Vc.

Materials And Methods
Animal protocols
Male C57BL/6 mice (6-8 weeks, 20±2 g) were purchased from the Laboratory Animal Center of the
Academy of Military Medical Sciences (Beijing, China) and housed in an animal room with a controlled
temperature of 23℃±2℃, a relative humidity of 50%±10%, and a 12 h light/dark cycle. The mice were
fed either a normal chow (NC) or an HFD containing 18% fat, 12% casein, and 1.0% cholesterol ad libitum
and allowed free access to water.
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All mice were acclimatized for one week before conducting further experiments, then randomly assigned
to one of two groups: the prophylactic group (P) or the therapeutic group (T). Each group had five
subgroups: control (C), high-fat group (HF), low-dose Vc group (15 mg/kg per day, LVc), medium-dose Vc
group (30 mg/kg per day, MVc), and high-dose Vc group (90 mg/kg per day, HVc). The control subgroup
was fed NC, while the HF and all Vc-administered subgroups were fed an HFD. In the P groups, Vcadministered subgroups (P-LVc, P-MVc or P-HVc) were prophylactically supplied with different doses of
Vc for 12 weeks, the control subgroup (P-C) and high-fat subgroup (P-HF) were supplied with an equal
volume of normal saline (NS) instead of Vc for 12 weeks. In the T groups, mice were fed either NC (T-C) or
an HFD for 6 weeks. Two mice from each group were euthanized to assess the presence of steatosis.
Upon confirmation of steatosis, the HFD-fed mice were assigned to high-fat (T-HF) and Vc-administration
subgroups. Vc-administered subgroups (T-LVc, T-MVc, or T-HVc) were treated with different doses of Vc
for another 12 weeks, T-C and T-HF subgroups were treated with equal volume of NS as a vehicle for 12
weeks. All treatments were provided via intragastric administration and the doses were calculated
according to mouse weight. Previous studies indicate that Vc inhibits the development of experimental
liver steatosis induced by choline-deficient diet in rats when treated orally at doses of 30 mg/kg per
day[21]. Therefore, Vc administration dosages of 15, 30, and 90 mg/kg per day were chosen for this
study. Experimental groups and technical routes are recorded in Fig. 1.
Food intake and body weight were recorded weekly until the mice were sacrificed. After an 8-h fast on the
last day of the study, the mice were sacrificed under diethyl ether anesthesia and blood samples were
collected. Liver and visceral adipose tissues were harvested, weighed, snap-frozen in liquid nitrogen, and
stored at -80℃. Additional sections of liver were immediately fixed in freshly prepared 4%
paraformaldehyde for histological analyses. The liver index was calculated as the ratio of liver weight to
body weight. This animal experimental protocol was approved by the Ethics Committee of Nankai
University and was carried out in accordance with the Guide for the Care and Use of Laboratory Animals.
Serum analysis
Serum concentrations of alanine transaminase (ALT), aspartate transaminase (AST), triglycerides (TG),
and total cholesterol (TC) were estimated using an automatic biochemical analyzer (Hitachi, Tokyo,
Japan). The mouse insulin and adiponectin enzyme-linked immunosorbent assay (ELISA) kit (Cusabio
Biotech Co., Ltd., Wu Han, China) were used to determine the insulin and adiponectin concentrations.
Insulin resistance was determined using the homeostasis model assessment of insulin resistance
(HOMA-IR = [fasting insulin (mU/L)] × [fasting plasma glucose (mmol/L)] / 22.5).
Histological analysis
Liver sections fixed in 4% paraformaldehyde and embedded in paraffin wax were sectioned at a 5 μm
thickness before staining with hematoxylin and eosin (H&E). Histological variables were scored on a
scale from 0 to 8 (steatosis 0-3, lobular inflammation 0-3, and hepatocyte ballooning 0-2) according to
the NAFLD activity score[22]. Hepatic neutral lipid deposition was evaluated by performing Oil Red O
staining. Gun-sucrose-fixed liver sections (10 µm thickness) were frozen in optimal cutting temperature
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compound and stained with Oil Red O for lipid analysis. Images were captured using a upright
microscope (Leica DM3000, Wetzlar, Germany). Stained sections were independently assessed by two
liver histopathologists experienced in evaluation of histology in clinical trials and translational models of
NAFLD who had no knowledge of the origin of the slides.
Immunohistochemistry
Liver expression of adiponectin and adiponectin receptor II (adipoRII) were detected
by immunohistochemistry. Paraffin-embedded tissue samples were dewaxed, rehydrated, and incubated
with anti-adiponectin antibody and anti-adipoRII (Abcam, Cambridge, UK) overnight at 4℃. The slides
were incubated with secondary antibody (Bioss, Beijing, China) according to the manufacturer's
instructions. Brown staining was considered antibody-positive. Staining was semi-quantitatively
evaluated by measuring the mean optical density of the brown areas with Image-Pro Plus.
Statistical analysis
Data with a normal distribution were expressed as the mean ± standard deviation (SD) and comparisons
among groups were performed by one-way ANOVA followed by Tukey’s multiple comparison test. Data
with a skewed distribution were expressed as the median ± quartile interval and comparisons among
groups were performed by Kruskal-Wallis H followed by Bonferroni’s multiple comparison post hoc tests.

P < 0.05 was considered significant. All calculations were performed with SPSS 23.0 software (Chicago,
IL, USA).

Results
Effects of different Vc doses on body weight and perirenal adipose tissue mass
The Body weight and perirenal adipose tissue mass are shown in Fig. 2; both significantly increased in HF
mice compared to control mice (P < 0.05). P-LVc mice showed significantly decreased body weight and
perirenal adipose tissue mass compared to P-HF mice (P < 0.05), while T-LVc mice tended to show
increased body weight and perirenal adipose tissue mass compared to T-HF mice (although no statistical
difference was observed; P > 0.05). Meanwhile, T-LVc mice showed significantly increased body weight
and perirenal adipose tissue mass compared to T-MVc mice (Fig. 2A, B, D, E). Furthermore, the body
weight and perirenal adipose tissue mass of P-LVc mice were significantly decreased compared to T-LVc
mice (P < 0.05) (Fig. 2C, F), suggesting that LVc exhibited better performance in NAFLD prophylaxis than
in NAFLD therapy.
Body weight and perirenal adipose tissue mass were significantly decreased both in P-MVc and T-MVc
mice compared to those of HF mice (P < 0.05) (Fig. 2A, B, D, E). Hence, MVc administration effectively
resulted in the reduction of body weight and perirenal adipose tissue mass for both prophylaxis and
therapy groups.
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P-HVc mice showed decreased body weight and perirenal adipose tissue mass compared to P-HF mice (P
> 0.05). In contrast, T-HVc mice exhibited markedly increased body weight and perirenal adipose tissue
mass compared to T-HF mice (P < 0.05). Meanwhile, T-HVc mice showed significantly increased body
weight and perirenal adipose tissue mass compared to T-MVc mice (Fig. 2A, B, D, E). Furthermore, the
body weight and perirenal adipose tissue mass of P-HVc mice were significantly decreased compared to
T-HVc mice (Fig. 2C, F). HVc could not protect HFD-fed mice from weight and visceral fat gain, and
furthermore, may have contributed to further weight gain in obese mice.
Effects of different Vc doses on serological index
ALT, AST and TC levels are shown in Fig. 3. Compared to control mice, all HFD-fed mice exhibited a
significantly elevated serum TC level; Vc administration did not appear to affect TC level. An HFD
increased ALT and AST serum enzyme levels, which are considered liver damage markers. Mice fed an
HFD for 12 weeks merely showed simple steatosis. Although ALT and AST levels were increased in HF
mice, no statistical difference was observed compared to control mice. LVc and MVc administration were
accompanied by slightly decreased serum enzyme levels. However, HVc did not reverse the elevated ALT
and AST levels induced by HFD. Instead, it increased the enzyme levels (Fig. 3A, B, D, E). Moreover,
compared to P-HVc mice, T-HVc mice exhibited significantly elevated ALT and AST levels (P < 0.05) (Fig.
3C, F). Meanwhile, significantly elevated ALT and AST levels were also observed in T-HVc mice compared
to T-MVc mice (Fig. 3B, E). These results suggested that HVc administration in obese mice may be
associated with an increased risk of liver injury.
Glu, TG, adiponectin levels and HOMA-IR index are shown in Fig. 4. Significantly increased Glu and TG
levels and a decreased adiponectin level were observed in HF mice compared to control mice. The HFDinduced increase in TG and Glu levels was attenuated by Vc administration in a dose-dependent manner.
In addition, the HFD-induced decrease in adiponectin level was prevented by Vc administration. LVcadministered mice exhibited significantly decreased TG level and increased adiponectin level compared
to HF mice (P < 0.05). The same trends were observed in MVc-administered mice. MVc-administered mice
also showed significantly lower Glu levels (P < 0.05). Significantly decreased Glu and TG levels were also
observed in HVc mice (P < 0.05). However, although HVc administration was accompanied by slightly
decreased adiponectin values, they did not significantly differ from those of HF mice (P > 0.05) (Fig. 4A,
B, D, E, G, H). HF mice exhibited a significantly increased HOMA-IR index compared to control mice, which
indicated a higher degree of insulin resistance. VC administration reduced the HFD-induced increase in
HOMA-IR index but there was no statistical difference compared to the reductions in HF mice (Fig. 4J, K).
These findings collectively suggested that Vc administration improved the metabolic disorders of HFDinduced NAFLD in mice by reducing Glu and TG levels and increasing adiponectin expression, especially
under MVc administration.
Immunohistochemistry of adiponectin and adipoRII
The expression and distribution of adiponectin and adipoRII are shown in Fig. 5 and 6. Adiponectin
protein expression was localized primarily in the endothelial cells of portal vessels and liver sinusoids.
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AdipoRII protein was localized in hepatocytes showing a predominantly cytoplasmic staining pattern. The
expression of adiponectin and adipoRII in LVc and MVc mice were higher than that in HF mice (P < 0.05).
This was in accordance with the increased serum adiponectin levels. HVc administration increased
adiponectin and adipoRII expression but there was no significant difference compared to HF mice (P >
0.05).
Effects of different Vc doses on hepatic histopathology
H&E and Oil Red O liver staining revealed severe lipid deposition inside liver parenchyma cells and liver
steatosis in HF mice but no obvious lobular inflammation or ballooned hepatocytes were observed (Fig.7
and 8, Table 1). Compared to P-HF mice, P-LVc mice exhibited significantly ameliorative liver steatosis (P
< 0.05) (Fig. 7C). No alleviation of steatosis was observed in T-LVc mice compared to T-HF mice (Fig. 7H).
Meanwhile, T-LVc mice exhibited significantly increased steatosis compared to T-MVc mice (P < 0.05)
(Table 1). Furthermore, compared to P-LVc mice, T-LVc mice exhibited significantly increased steatosis,
ballooned hepatocytes, and lobular inflammation (P < 0.05) (Table 1), these changes in histopathology
further demonstrated that the prophylactic effect of Vc is superior to the therapeutic effect. These results
indicated that LVc could prevent HFD-induced intrahepatic lipid deposition but could not improve notable
steatosis.
Table 1
Histological findings of the liver specimens in prophylactic and therapeutic groups
P (n = 6)

T (n = 6)

P-C

P-HF

PLVc

PMVc

PHVc

T-C

T-HF

T-LVc

TMVc

T-HVc

Steatosis

0.0
±
0.0

1.0
±
1.0a

0.0
±
0.0b

0.0
±
0.0b

1.0
±
0.0a

0.0
±
0.0

2.0
±
1.0a

1.5 ±
1.0ac

0.5
±
1.0b

2.5 ±
1.0ac

Inflammation

0.0
±
0.0

0.0
± 0.0

0.0
± 0.0

0.0
± 0.0

0.0
± 0.0

0.0
±
0.0

0.0
± 1.0

0.5 ±
1.0

0.0
± 0.0

1.0 ±
1.0abc

Ballooning

0.0
±
0.0

0.0
± 0.0

0.0
± 0.0

0.0
± 0.0

0.0
± 1.0

0.0
±
0.0

0.5
± 1.0

1.0 ±
0.0a

0.0
± 0.0

1.0 ±
0.0ac

P, prophylactic groups; T, therapeutic groups. P-C, control prophylactic subgroup; P-HF, high-fat
prophylactic subgroup; P-LVc, low-dose Vc prophylactic subgroup (15 mg/kg Vc per day); P-MVc,
medium-dose Vc prophylactic subgroup (30 mg/kg Vc per day); P-HVc, high-dose Vc prophylactic
subgroup (90 mg/kg Vc per day); T-C, control therapeutic subgroup; T-HF, high-fat therapeutic
subgroup; T-LVc, low-dose Vc therapeutic subgroup; T-MVc, medium-dose Vc therapeutic subgroup; THVc, high-dose Vc therapeutic subgroup. All values are expressed as the (M ± Q) (n = 6 per group). aP <
0.05 compared to the C group, bP < 0.05 compared to the HF group, cP < 0.05 compared to the MVc
group. Steatosis, inflammation and ballooning were significant between P-LVc and T-LVc groups.
Steatosis and inflammation were significant between P-HVc and P-HVc groups.
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Significantly improved liver steatosis was observed in both P-MVc and T-MVc mice compared to HF mice
(P < 0.05) (Fig. 7D, I and Table 1) and was confirmed by Oil Red O staining (Fig. 8D, I). MVc administration
tended to counteract HFD-induced steatosis. In accordance with ameliorated steatosis, ballooned
hepatocytes and lobular inflammation were rare in P-MVc and T-MVc mice; this indicated that MVc
administration significantly improved HFD-induced liver histological changes.
HVc could not alleviate HFD-induced liver steatosis. Compared to P-HF mice, steatosis in P-HVc mice
increased and a similar result was observed between T-HVc and T-HF mice (Fig. 7E, J and Fig. 8E, J).
Prominent lobular inflammation and ballooned hepatocytes were present in T-HVc mice, and lobular
inflammation was more severe in T-HVc mice than in T-HF mice (P < 0.05). Meanwhile, T-HVc mice
exhibited significantly increased steatosis, lobular inflammation, and ballooned hepatocytes compared to
T-MVc mice (P < 0.05). Furthermore, compared to P-HVc mice, T-HVc mice exhibited significantly
increased liver steatosis and lobular inflammation (P < 0.05) (Table 1). These results indicated that HVc
could not ameliorate HFD-induced pathologic changes in mice liver.

Discussion
Our results showed that different doses of Vc had different prophylactic and therapeutic effects on HFDinduced NAFLD, and that prophylactic administration appeared to be more effective than therapeutic
administration. Both LVc and MVc administration were beneficial in preventing NAFLD development in
HFD-fed mice. MVc treatment also ameliorated HFD-induced NAFLD and had a hepatocellular protective
effect, while LVc administration did not improve NAFLD. In contrast, HVc was ineffective in both NAFLD
prophylaxis and therapy, and furthermore, appeared to increase hepatic injury risk in HFD-fed mice
(Table 2).

Page 9/23

Table 2
Prophylactic and therapeutic effects of different Vc doses on HFD-fed mice
P (n = 6)

T (n = 6)

P-LVc

P-MVc

P-HVc

T-LVc

T-MVc

T-HVc

Body weights (g)

++

++

±

-

++

--

Perirenal adipose (g)

++

++

±

-

++

--

Liver weight (g)

+

+

±

±

+

-

Liver index

+

+

±

±

+

-

Adiponectin (µg/ml)

++

++

±

++

++

+

Glu (mmol/L)

+

++

++

+

++

++

TG (mmol/L)

++

++

++

++

++

++

ALT (U/L)

+

+

±

+

+

-

AST (U/L)

+

+

±

+

+

-

TC (mmol/L)

+

+

±

±

+

-

Steatosis

++

++

-

-

++

-

Inflammation

+

+

±

-

+

--

Ballooning

+

+

-

-

+

-

P, prophylactic groups; T, therapeutic groups; P-LVc, low-dose Vc prophylactic subgroup (15 mg/kg Vc
per day); P-MVc, medium-dose Vc prophylactic subgroup (30 mg/kg Vc per day); P-HVc, high-dose Vc
prophylactic subgroup (90 mg/kg Vc per day); T-LVc, low-dose Vc therapeutic subgroup; T-MVc,
medium-dose Vc therapeutic subgroup; T-HVc, high-dose Vc therapeutic subgroup; GLU, glucose; TG,
triglycerides; ALT, alanine transaminase; AST, aspartate transaminase; TC, total cholesterol; -, negative
effect on NAFLD amelioration; --, significantly negative effect on NAFLD amelioration (P < 0.05); +,
positive effect on NAFLD amelioration; ++, significantly positive effect on NAFLD amelioration (P <
0.05); ±, no apparent effect on NAFLD.
Inadequate dietary Vc intake and low circulating Vc concentration are associated with IR and NAFLD;
NAFLD patients showed suboptimal dietary Vc intake and an appropriate increasement of Vc intake have
been associated with a significantly lower risk of developing NAFLD[23–25]. In the present study, the
lower body weight, perirenal adipose tissue mass, and ameliorative liver steatosis observed in P-LVc mice
were not observed in T-LVc mice. It is plausible that prophylactic supplementation of LVc to HFD-fed mice
slows down NAFLD development, while the inability of LVc to treat NAFLD might be related to the Vc dose
or NAFLD severity. Concomitantly, MVc administration was associated with decreased body weight and
perirenal adipose tissue mass, and resulted in reduced steatosis, inflammation, and ballooning both in
prophylaxis and therapy in accordance with other research[21, 26]. These results indicated the
hepatoprotective effects of MVc administration against HFD-induced NAFLD. In addition, T-LVc mice
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exhibited more severe metabolic and pathological changes than P-LVc mice. P-MVc mice also exhibited a
slightly stronger inhibitory effect on HFD-induced NAFLD than T-MVc mice. Therefore, it is conceivable
that the prophylactic efficacy of Vc may be superior to its therapeutic efficacy in HFD-induced NAFLD.
Taken together, Vc administration may be feasible as a preventive strategy for NAFLD.
Glu, TG and HOMA-IR levels were lowered in all Vc-administered mice than HF mice, particularly in the
case of MVc-administered mice. Vc may be involved in glucose regulation; this is supported by a metaanalysis of randomized controlled trials reporting that long-term supplementation of Vc in diabetic
patients reduces fasting blood glucose levels[27]. This could be a result of the capacity of vC to increase
high molecular weight adiponectin levels[28, 29]. Similarly, we observed that Vc could increase the
expression of adiponectin and adipoRII in HFD-fed mice. Adiponectin and its receptors (adipoRI/RII) are
associated with various metabolic disorders such as obesity and diabetes[30], which are important
regulators of adiposity and IR and have been implicated in NAFLD development[31]. Vc might play a key
role in mediating adiponectin/adipoRII signaling, which may be a novel functional property of Vc. Ashor
et al[32] ffound that Vc supplementation in patients with diabetes and hyperlipidemia significantly
improved TG levels. Two possible mechanisms may be involved. In the first, Vc, a cofactor for the 7-ahydroxylase enzyme (the rate-limiting enzyme in bile acid synthesis), may facilitate the conversion of
cholesterol into bile acids, thereby lowering blood cholesterol levels. Another possible mechanism is that
as an antioxidant, Vc can inhibit oxidative stress and improve IR, thereby regulating lipid metabolism and
reducing serum TG levels. The suggestion of these mechanisms may be somewhat limited by the crosssectional nature of these studies and our limited data. Further studies investigating how Vc regulates
glycolipid metabolism in HFD-fed mice are warranted.
Surprisingly, HFD-fed mice cannot be prevented from developing NAFLD by prophylactic HVc
administration, as evidenced by the slightly increased liver steatosis in P-HVc mice whose body weight
and perirenal adipose tissue mass were similar to those of P-HF mice. Furthermore, therapeutic HVc
administration increased body weight, perirenal adipose tissue mass and aggravated liver histology.
Namely, HFD-induced NAFLD cannot be counteracted by treatment with HVc. In addition, T-HVc mice
exhibited markedly increased body weight, liver weight, perirenal adipose tissue mass, ALT, AST, liver
steatosis and lobular inflammation compared to P-HVc mice, which further confirmed that HVc as
unfeasible for NAFLD therapy. In humans, plasma Vc concentrations have a sigmoid relation to dose[33]
and Vc supplementation dose-dependently increases plasma Vc concentrations [34]. In addition to acting
as an antioxidant, Vc can also function as a pro-oxidant. Vc spontaneously oxidizes at millimolar plasma
concentrations, at high pH, or in the presence of redox-active transition metals such as iron, thereby
acting as a source of hydrogen peroxide (H2O2)[35]. Hepatic iron overload prior to the onset of liver
steatosis and insulin resistance has been observed in high-fat high-fructose diet-fed mice[36], and NAFLD
is frequently associated with hepatic iron overload[37]. Therefore, long-term HVc management and HFDinduced iron overload in our study could potentially lead to Vc autoxidation that could in turn generate
excessive H2O2. This cytotoxic H2O2 could undergo further reactions to exacerbate oxidative stress, thus
exacerbating NAFLD progression. Therefore, HVc should be used with caution in NAFLD. However, owing
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to the limited bioavailability and poor chemical stability of Vc, a high plasma concentration (> millimolar)
of Vc can only be achieved by intravenous injection[38]. Unfortunately, mice were given Vc via daily
intragastric administration and plasma Vc concentrations were not measured in our present study.
Therefore, the proposed mechanism above requires further exploration.
Three doses of VC were applied in our study. Compared to LVc and HVc, MVc showed better performance
in alleviating HFD-induced NAFLD. T-LVc and T-HVc mice had higher levels of body weight, visceral fat,
and lipid deposition than T-MVc mice. Moreover, hepatic injury was more pronounced in T-HVc mice as
evidenced by the significantly elevated ALT and AST levels and increased lobular inflammation and
ballooned hepatocytes compared to those of T-MVc mice. Taken together, our results suggested that MVc
might be more suitable for NAFLD management. However, the major limitation of this study is that
baseline Vc concentrations, as well as plasma and hepatic Vc status were unclear. Therefore, the putative
effects of Vc supplementation could not be assessed in mice already saturated with Vc due to its nonlinear absorption kinetics. Consequently, the role of Vc in NAFLD should be investigated in future
research, while paying close attention to plasma and hepatic Vc status.

Conclusions
This is the first study to investigate the prophylactic and therapeutic effects of different Vc dosages on
NAFLD mice. MVc supplementation could be beneficial for both NAFLD prophylaxis and therapy.
However, LVc was only effective in terms of NAFLD prophylaxis, while HVc administration for NAFLD
management was risky. This study offers valuable insight into the effect of various Vc doses on NAFLD
management. The utilization of MVc administration as a prophylactic strategy for NAFLD was feasible
and the possible involvement of adiponectin/adipoRII signaling should be further explored. However, as a
therapeutic option for NAFLD, Vc should be used with caution. Future research should focus on the
molecular mechanisms mediated by Vc in NAFLD.
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Therapeutic groups; C: Control subgroup; HF: High-fat diet subgroup; LVc: Low-dose Vc subgroup; MVc:
Medium-dose Vc subgroup; HVc: High-dose Vc subgroup; ALT: Alanine transaminase; AST: Aspartate
transaminase; Glu: Blood glucose; TG: Triglycerides; TC: Total cholesterol; HOMA-IR: Homeostasis model
assessment of insulin resistance; AdipoRII: Adiponectin receptor II.
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Figures

Figure 1
Experimental groups and technical route. NC, normal chow diet, HFD, high-fat diet; NS, normal saline; LVc,
low-dose (15 mg/kg) Vc; MVc, medium-dose (30 mg/kg) Vc; HVc, high-dose (90 mg/kg) Vc. P,
prophylactic groups; T, therapeutic groups. P-C, control prophylactic subgroup; P-HF, high-fat prophylactic
subgroup; P-LVc, LVc prophylactic subgroup; P-MVc, MVc prophylactic subgroup; P-HVc, HVc prophylactic
subgroup; T-C, control therapeutic subgroup; T-HF, high-fat therapeutic subgroup; T-LVc, LVc therapeutic
subgroup; T-MVc, MVc therapeutic subgroup; T-HVc, HVc therapeutic subgroup.
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Figure 2
Effects of different Vc doses on body weight, perirenal adipose tissue mass, liver weight, and liver index
in HFD-fed mice. Effects of different Vc doses in prophylactic subgroups (A, D, G, J). Effects of different
dose Vc in therapeutic subgroups (B, E, H, K). Comparison of the effects of Vc between prophylactic and
therapeutic groups (C, F, I, L). All values are expressed as the mean ± SD (n = 6 per group). aP < 0.05
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compared to C subgroup, bP < 0.05 compared to the HF subgroup, cP < 0.05 compared to the MVc
subgroup, *P < 0.05 significant differences between the groups.

Figure 3
Effects of different Vc doses on ALT, AST, and TC in HFD-fed mice. Effects of different Vc doses in
prophylactic subgroups (A, D, G). Effects of different Vc doses in therapeutic subgroups (B, E, H).
Comparison of the effects of Vc between prophylactic and therapeutic groups (C, F, I). ALT, alanine
transaminase; AST, aspartate transaminase; TC, cholesterol; P, prophylactic groups; T, therapeutic groups.
All values are expressed as the mean ± SD (n = 6 per group). aP < 0.05 compared to C subgroup, bP <
0.05 compared to the HF subgroup, cP < 0.05 compared to the MVc subgroup, *P < 0.05 significant
differences between the groups.
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Figure 4
Effects of different Vc doses on adiponectin, Glu, TG, and HOMA-IR in HFD-fed mice. Effects of different
Vc doses in prophylactic groups (A, D, G, J). Effects of different Vc doses in therapeutic groups (B, E, H,
K). Comparison of the effects of Vc between prophylactic and therapeutic groups (C, F, I, L). P,
prophylactic group; T, therapeutic group; Glu, blood glucose; TG, triglycerides; HOMA-IR, [fasting insulin
(mU / L)] × [fasting plasma glucose (mmol/L)] / 22.5. All values are expressed as the mean ± SD (n = 6
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per group). aP < 0.05 compared to C group, bP < 0.05 compared to HF group, *P < 0.05 significant
differences between the groups.

Figure 5
Immunohistochemistry for adiponectin expression and distribution in C57BL/6 mice liver specimens
(×400). Expression and distribution of adiponectin in prophylactic subgroups (A-E) and therapeutic
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subgroups (G-K). Mean optical density (MOD) of adiponectin in prophylactic (F) and therapeutic (L)
groups.

Figure 6
Immunohistochemistry for adiponectin receptor II (adipoRII) expression and distribution in C57BL/6 mice
liver specimen (×400). Expression and distribution of adipoRII in prophylactic subgroups (A-E) and
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therapeutic subgroup (G-K). Mean optical density (MOD) of adipoRII in prophylactic (F) and therapeutic
(L) groups.

Figure 7
Representative H&E-stained sections of liver tissues in C57BL/6 mice. (×400). Liver sections form
prophylactic sgroups (A-E). (A) P-C, normal hepatic lobule. (B) P-HF, swollen hepatocytes with some
microvesicular fat droplets. (C) P-LVc, relatively normal liver morphology. (D) P-MVc, relatively normal
liver morphology.(E) P-HVc, slightly swolen hepatocytes with microvesicular fat droplets. Liver sections
from therapeutic groups (F-J). (F) T-C, normal hepatic lobule. (G) T-HF, macrovesicular steatosis with
some microvesicular fat droplets. (H) T-LVc, slightly macrovesicular steatosis and ballooned hepatocytes.
(I) T-MVc, relatively normal liver morphology. (J) T-HVc, pronounced macrovesicular steatosis with some
focal necrosis.

Figure 8
Representative Oil Red O staining of liver specimens in C57BL/6 mice. (×200). Liver sections in
prophylactic subgroups (A-E) and therapeutic subgroups (F-J).
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