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Melatonin-primed ADMSCs elicit 
an efficacious therapeutic response 
in improving high-fat diet induced non-
alcoholic fatty liver disease in C57BL/6J mice
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Abstract 

Background:  Stem cells are widely used for therapy including treatment of liver damage. Adipose-derived mes-
enchymal stem cells (ADMSCs) administered to treat fatty liver are known to improve liver function but their use is 
restricted due to a poor success rate. This study investigates efficacy of melatonin-primed ADMSCs (Mel. MSCs) in 
experimentally induced non-alcoholic fatty liver disease (NAFLD).

Results:  MSCs treated with LPS showed prominent DCFDA fluorescence as compared to the untreated cells. Also, the 
JC-1 staining had accounted for higher intensity of green monomer and a weak fluorescence of red dimer indicating 
weaker mitochondrial membrane potential. But melatonin co-treatment could make necessary corrective changes as 
evidenced by reverse set of results. The overall cell survival was also found to be improved following melatonin treat-
ment as evidenced by the MTT assay. Also, the antioxidant (Nrf2 and Ho-1) and anti-inflammatory genes (Il-4 and Il-10) 
showed a decrement in their mRNA levels following LPS treatment whereas the pro-inflammatory genes (Tnf-α, Il-6, 
Tlr-4, and Lbp) showed a reciprocal increment in the said group. Melatonin co-treatment accounted for an improved 
status of antioxidant and anti-inflammatory genes as evidenced by their mRNA levels. High-fat high-fructose diet 
(HFFD) fed C57BL/6J mice recorded higher serum AST and ALT levels and fatty manifestation in histology of liver along 
with lowered mRNA levels of antioxidant (Nrf2, Catalase, and Gss) genes and Hgf. These set of parameters showed a 
significant improvement in HFFD + Mel.MSC group.

Conclusion:  A significant improvement in viability of MSCs was recorded due to lowered intracellular oxidative stress 
and improves mitochondrial membrane potential. Further, melatonin-primed MSCs accounted for a significant decre-
ment in fatty manifestations in liver and an improved physiological status of NAFLD in HFFD fed C57BL/6J mice. Taken 
together, it is hypothesized that melatonin priming to MSCs prior to its use can significantly augment the success of 
stem cell therapy.
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Background
The ability of mammalian liver to undergo reparative 
regeneration in condition of hepatotoxic manifestations 
by a single or multiple factors is well established. Non-
alcoholic fatty liver disease (NAFLD) is characterized by 
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fat accumulation and resultant inflammation in hepato-
cytes [1]. These early symptoms may progress from 
NAFLD to Non-alcoholic steatohepatitis (NASH); a tran-
sition that gets compounded by comorbidity such as type 
2 diabetes, dyslipidemia and obesity [2]. Early detection 
and lack of single therapeutics are major challenges faced 
by clinicians for treating NAFLD. Current therapeutic 
strategy comprises of synthetic drugs used for treatment 
of hyperglycemia and/or hypertriglyceridemia [3]. A vari-
ety of herbal extracts and phytopharmaceuticals have 
also been reported to be effective against experimentally 
induced NAFLD owing to their antioxidant and free radi-
cal scavenging potential but due to a limited success their 
clinical use is restricted [4].

Stem cell-based therapies have been widely explored 
as an alternative to conventional therapeutic strategy 
wherein, mesenchymal stem cells (MSCs) have emerged 
as a viable option for treating NAFLD. MSCs are known 
for their immunomodulatory, anti-inflammatory and 
immunosuppressive properties in degenerative diseases 
[5]. MSCs are responsive to several signaling molecules 
such as hormones, growth factors, chemotactic mol-
ecules and cytokines [6]. Bone marrow, umbilical cord 
blood, and adipose tissue-derived MSCs exhibits easy 
acceptance as an isograft [7]. In mouse model of CCL4-
induced liver fibrosis, bone marrow-derived MSCs 
administered via tail vein prevent liver scarring and 
stimulate liver regeneration [8]. Also, these MSCs could 
reverse high-fat diet (HFD) induced NAFLD in mice by 
suppressing CD4+ T lymphocytes [9]. Further, MSCs 
with upregulated levels of SOD and CAT could effectively 
reduce systemic inflammation and improve diet induced 
fatty liver [10]. In pre-clinical and clinical trials, MSCs 
are known to readily differentiate into hepatocytes [11] 
but a poor success rate of stem cell therapy was attrib-
uted to an inflamed microenvironment in NAFLD [12]. 
Subtle modifications in stem cell therapy had resulted 
in an improvement in ischemic acute renal failure [13], 
inflammatory bowel diseases [12], heart [14], lungs [7], 
brain [15], rheumatoid arthritis [16], periodontal liga-
ment [17] or knee cartilage [18], and liver function in 
CCL4 induced liver fibrosis [19]. Hence, it is imperative 
to appropriately modify the stem cell therapy for a higher 
efficacy and success rate.

Melatonin (N-acetyl-5-methoxytryptamine), a lipo-
philic indoleamine tryptophan derivative is synthesized 
by the pineal gland, skin, retina, gastrointestinal tract 
and immune cells [20] and is known for regulating cir-
cadian rhythm. Also, anti-oxidant [21], anti-neoplastic, 
anti-inflammatory, neuroprotective [22], and anti-apop-
totic properties [23] of melatonin have been reported 
till date. Further, melatonin induced decrement in body 
weight gain, increased insulin sensitivity, homeostasis 

of lipid and glucose metabolism and an improvement in 
HFD-induced NAFLD in obese mice were reported [24]. 
Neural stem cells treated with melatonin had lowered 
expression of pro-inflammatory markers [25] whereas; 
ADMSCs treated with melatonin underwent prolifera-
tion, stemness and self-renewal [26]. Overall, melatonin 
priming is known to improve the viability of a variety of 
transformed cells [27] including the mesenchymal stem 
cells [28].

In liver disorders including NASH, the anti-inflamma-
tory potential of melatonin has been pinned as the rea-
son for its therapeutic potential [29, 30]. Bone marrow 
derived MSCs have been reported to improve function 
of steatotic liver albeit with limited success [31]. But the 
merits of adipose derived MSCs in treating NAFLD and 
possible advantages of prior melatonin priming are not 
known [32]. This study is designed to evaluate the merits 
of melatonin priming, to adipose derived MSCs and their 
possible improvement in their efficacy in treating experi-
mentally induced NAFLD.

Methods
Chemicals
Melatonin, hematoxylin, eosin, collagenase type 1, and 
lipopolysaccharide (LPS) were purchased from Sigma 
Aldrich (St. Louis, MO, USA). Methanol, ethanol, dime-
thyl sulphoxide (DMSO) and 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) were 
purchased from Sisco Research Laboratory Pvt. Ltd. 
(Mumbai, India). Molecular biology reagents except 
iScriptcDNA synthesis kit (Bio-Rad, CA, USA) and all 
other reagents such as TRIzol, DreamTaq Green mas-
ter mix, and SYBR select master mix were procured 
from Invitrogen (CA, USA). Chemicals for cell culture 
like Dulbecco’s modified Eagle’s medium (DMEM), fetal 
bovine serum (FBS), trypsin phosphate versene glucose 
(TPVG), and antibiotic-antimycotic solution were pur-
chased from Hi-media Laboratories (Mumbai, India). 
ENZOPAK aspartate aminotransferase (AST), alanine 
transaminase (ALT), alkaline phosphatase (ALP), total 
lipids (TL), total cholesterol (TC), triglycerides (TG), 
low-density lipoprotein (LDL), very low-density lipo-
protein (VLDL), high-density lipoprotein (HDL), and 
glucose kits were purchased from Reckon Diagnostics 
(Vadodara, Gujarat). RNA-later was purchased from 
Ambion Inc. (USA).

ADMSCs isolation, characterization, and melatonin 
priming
Adipose derived mesenchymal stem cells (MSCs) were 
isolated from 8-week-old male C57BL/6J mice (20 ± 2 
g) as per Yu et al. [33]. Briefly, bilateral fat pads in retro-
peritoneal cavity were collected, minced in small pieces 
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using sterile scissors, and digested (45 min in water bath 
at 37 °C) in equal amount of collagenase-1 in incomplete 
media. After the digestion, tubes were centrifuged (300 
g for 5 min) and mixed vigorously for 5–10 s. This step 
was repeated three times to obtain a dark red cells pel-
let. That was resuspended in complete media and seeded 
in T25 flask. Media was changed once daily till the cells 
were 80–90% confluent. At the 4th passage cells were 
fixed with freshly prepared 2% Paraformaldehyde (PFA) 
for 10 minutes at room temperature and permeabilized 
with 0.1% Triton X-100 for 3–5 min on ice. AD-MSCs 
were examined for expression of surface markers (CD34, 
CD44, CD45, and CD105) by flow-cytometry. Briefly, the 
cultured cells were suspended in cold DPBS at the dilu-
tion of 106 cells/ml. Incubation with primary antibodies 
(CD34, CD44, CD45, and CD105) was followed by expo-
sure to secondary conjugated antibody at 4 °C for 30 min, 
and the complex was analyzed by flow-cytometry. MSCs 
were cultured in T-25 flask and, at passage 4, were incu-
bated in presence of 5 μM melatonin (dissolved in etha-
nol and diluted in saline to 5%) for 24 h [34, 35].

Cell viability (MTT) assay
Mesenchymal stem cells (6 × 103 cells/ well) were main-
tained in 96-well culture plates (Tarson India Pvt. Ltd.) 
for 24 h with or without LPS (1 and 3 μg/ml) and mela-
tonin (5 μM). Later, 10 μl of 3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide (MTT, 5 mg/
ml) was added to the wells and plates were incubated at 
37 °C for 4 h [36]. Subsequently, the culture media was 
discarded and wells were washed with PBS. The result-
ant formazan formed was dissolved in 150 μl of DMSO 
and absorbance was read at 540 nm using a Synergy HTX 
Multimode reader (BioTek, USA).

Intracellular oxidative stress
MSCs were maintained for 24 h as mentioned above with 
or without LPS (1 and 3 μg/ml for 24 h) and melatonin 
(5μM). ROS mediated intracellular oxidative stress in 
MSCs was studied using 7.5 μM 2,7-dichlorodihydro-
fluoroscein diacetate (CM-H2-DCFDA) stain (37 °C for 
30 min) [37]. Cells were photographed using Floid cell 
imaging station (Invitrogen, USA) and their fluorescent 
intensity was quantified using ImageJ (NIH, Bethesda, 
USA) software.

Mitochondrial membrane potential
MSCs were maintained for 24 h as mentioned above with 
or without LPS (1 and 3 μg/ml) and melatonin (5 μM). 
Mitochondrial membrane potential was assessed using 
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarb
ocyanine iodide JC-1 stain (5 μg/ml) in pre-warmed 1× 
PBS for 30 min at 37 °C [38, 39]. Cells were observed and 

photographed using Floid cell imaging station (Invitro-
gen, USA) and fluorescent intensity was quantified using 
ImageJ (NIH, Bethesda, USA) software [40].

mRNA studies of key marker genes in MSCs and liver 
of C57BL/6J mice
Total RNA was isolated from the MSCs and liver of 
control and various experimental groups using TRIzol 
reagent and quantified using a nanodrop spectrophotom-
eter (Thermo scientific, Ltd.). Later, samples (A260/A280 
> 1.9) were processed for cDNA synthesis using iScript 
cDNA Synthesis kit (Bio-Rad, CA, USA) at 37 °C for 1 h 
(using a T 100 Bio-Rad 96-well thermal cycler; Bio-Rad, 
CA, USA). mRNA levels of key genes in MSCs (Tlr-4, 
Lbp, Nrf2, Ho-1, Tnf-α, Il-6, Il-4, Il-10) and in liver (Nrf2, 
Sod, Catalase, Gss, Il-4, and Hgf) were quantified by 
qPCR analysis (Quant-Studio-3, Life Technologies, CA, 
USA) using SYBR Select Master Mix [40] using prim-
ers sequences shown in Table 1. The following two steps 
thermal cycling profile was used for qPCR analysis, step 
I (cycling step): 95 °C for 10 min, 95 °C for 15 s, 60 °C for 
1 min and 95 °C for 15 s for 40 cycles. step II (melt curve 
step): 60 °C for 15 s, 60 °C 1 min and 95 °C for 30 s.

The data obtained was normalized to the Gapdh (inter-
nal control) and analyzed using 2−ΔΔCT method.

Experimental animals and their treatment with MSCs
C57BL/6J mice (24 male mice; 6–8 weeks of age; 18–22 
g) were procured (Zydus Research Centre) Ahmadabad, 
India, housed in clean polypropylene cages with labora-
tory chow diet and water ad libitum in Committee for the 
Purpose of Control and Supervision of Experiments on 
Animals (CPCSEA), India, approved animal house facil-
ity of Department of Zoology, The Maharaja Sayajirao 
University of Baroda, Vadodara, Gujarat, India (Approval 
No. 827/GO/Re/S/04/CPCSEA). After an acclimatization 
of 10 days, mice were randomly divided into 4 groups of 
6 mice per group viz. Group I (fed with laboratory chow 
diet), groups II, III, and IV were fed with HFFD (high-fat 
diet + 20% Fructose through water) and water ad libitum 
for 16 weeks [40]. At the end of 13th week group III was 
treated with (1 × 106 cells in 0.2 ml) MSCs and group IV 
with 5 μM melatonin-primed MSCs via tail vein [19]. The 
experimental protocol was carried out according to the 
guidelines of the Committee for the Purpose of Control 
and Supervision of Experiments on Animals (CPCSEA), 
India, and approved by the Institutional Animal Ethical 
Committee (IAEC). Our previous study had revealed that 
results obtained in groups fed with normal chow diet 
and injected MSCs or melatonin-primed MSCs (MSC + 
NCD or Mel.MSC+NCD respectively) were comparable 
to that of control; hence they are not showcased herein 
(Unpublished observations).
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Experimental procedure
At the end of 16 weeks, animals were fasted overnight 
and whole blood was collected by retro-orbital sinus 
puncture under mild isoflurane anesthesia [41–44]. Iso-
flurane is the most frequently used halogenated anes-
thetic in animal research and does not produce any 
significant differences in liver injury, inflammation, and 
regeneration [41, 44]. Whole blood was centrifuged (at 
4 °C and 3000 rpm for 10 min) and serum was collected 
and stored. Later, mice were sacrificed using isoflurane 
under minimum stress and liver was collected and stored 
in 10% formalin (for histopathology) and in RNAlater (for 
mRNA studies). No mortality was observed in any of the 
experimental groups during the period of study.

Serum biochemical parameters
Circulating titers of enzymes indicative of liver function 
(AST, ALT, and ALP), fasting blood glucose [45] and 
serum lipid profile (TL, TC, TG, LDL, VLDL, and HDL) 
[46] were estimated using commercially available kits 
(Reckon Diagnostic kits, Vadodara, Gujarat, India).

Microscopic evaluations
Liver samples were fixed in 10% formalin for 48 h, and 
then embedded in paraffin. Tissues sections (5 μm thick) 
were deparaffinized and stained with hematoxylin and 
eosin (HXE) [37, 40].

Quantification of cellular immunofluorescence
Immunofluorescent images were captured using Floid 
cell imaging station and were analyzed using ImageJ 
(NIH, Bethesda, USA). Cell area, integrated density 
and mean gray value were measured for each selected 

cell. Also, mean gray values (fluorescence intensities) 
of four different background areas were measured in 
every image for normalization of background auto flu-
orescence. The resultant values were normalized with 
the background fluorescence of 4 areas. The corrected 
total cell fluorescence (CTCF) for each cell was calcu-
lated as [47]:

Fluorescent intensities of about 70 cells from 5 to 8 dif-
ferent images were recorded for each experimental group 
for statistical analysis.

Statistical analysis
Results were expressed as means ± standard devia-
tion (SD) and analyzed by one-way analysis of variance 
(ANOVA) with Bonferroni’s multiple comparison tests 
using Graph Pad Prism 5 (CA, USA). *p < 0.05, **p < 0.01, 
and ***p < 0.001 is when LPS treated or HFFD is com-
pared with control. #p < 0.05, ##p < 0.01, and ###p < 
0.001 is when LPS + Mel is compared with LPS-treated 
group.

Results
Characterization of MSCs, intracellular oxidative stress, 
and cell viability assay
Adipose derived mesenchymal stem cells (MSCs) were 
isolated from the perirenal and visceral fat pads of 
healthy C57BL/6J mice and were characterized using 
positive (CD44 and CD105) and negative (CD34 and 
CD45) surface markers (Figure S1). Flow cytometric 
studies had shown 98.18% of CD44 and 97.05% of CD105 
(positive) cells. Lipopolysaccharide (LPS; 1 and 3 μg/ml) 
treatment accounted for a dose-dependent decrement (~ 

CTCF = Integrated density −
(

area of cell ×mean of background flourescence
)

Table 1  PCR primers sequences of the genes analyzed

Sr. no. Gene Forward primer Reverse primer

1 GAPDH 5′-TGT​GAA​CGG​ATT​TGG​CCG​TA-3′ 5′-ACT​GTG​CCG​TTG​AAT​TTG​CC-3′

2 TLR-4 5′-TTT​GCT​GGG​GCT​CAT​TCA​CT-3′ 5′-GAC​TCG​GCA​CTT​AGC​ACT​GT-3′

3 LBP 5′-TGT​TAC​CAC​ATG​ACT​CCG​GC-3′ 5′-AGG​TGG​GCA​GGA​TCA​CAA​AG-3′

4 NRF2 5′-CGA​GAT​ATA​CGC​AGG​AGA​GGT​AAG​A-3′ 5′-GCT​CGA​CAA​TGT​TCT​CCA​GCTT-3′

5 HO-1 5′-ACA​TCG​ACA​GCC​CCA​CCA​AGT​TCA​A-3′ 5′-CTG​ACG​AAG​TGA​CGC​CAT​CTG​TGA​G-3′

6 TNF-α 5′-GTG​GAA​CTG​GCA​GAA​GAG​-′ 5′-AAT​GAG​AAG​AGG​CTG​AGA​C-3′

7 IL-6 5′-TGG​ATG​CTA​CCA​AAC​TGG​AT-3′ 5′-CCT​CAA​AGC​CAA​GAT​GAG​AA-3′

8 IL-4 5′-GTA​GGG​CTT​CCA​AGG​TGC​TT-3′ 5′-GGC​ATC​GAA​AAG​CCC​GAA​AG-3′

9 IL-10 5′-AAG​GGT​TAC​TTG​GGT​TGC​CA-3′ 5′-TTC​AGC​TTC​TCA​CCC​AGG​GA-3′

10 HGF 5′-TGA​GTT​ATG​TGC​TGG​GGC​TG-3′ 5′-CAC​ATC​CAC​GAC​CAG​GAA​CA-3′

11 CAT​ 5′-CTG​GAT​GGA​TTC​TCC​CCC​GC-3′ ′-TCA​GGA​AAC​GGC​ATC​AAA​AGC-3′

12 GSS 5′-AAC​GAG​CGA​GTT​GGG​ATG​-3′ 5′-TAT​GTC​ACC​ACG​TCG​GAG​GA-3′

13 SOD 5′-TTG​GCC​TGT​GGA​GTG​ATT​GG-3′ 5′-AGC​CCA​GTC​AAA​GGA​GTC​AC-3′
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25% and ~ 40% respectively; p < 0.001) in cell viability in 
MSCs as evidenced by the (MTT) assay (Fig. 1A). Also, a 
prominent green fluorescence in these cells was observed 

following DCFDA staining that implied towards a height-
ened intracellular oxidative stress (Fig.  1B). LPS + 5 
μM melatonin co-treatment accounted for ~ 20–25% 

Fig. 1  Adipose-derived MSCs treated with lipopolysaccharide (LPS) and/or melatonin (Mel). Mel alleviates LPS-induced (A) cytotoxicity; MTT assay, 
(B) intracellular oxidative stress; DCFDA staining and (C) mitochondrial membrane potential; JC-1 staining. Data expressed as mean ± S.E.M. for n = 
3. *p < 0.05, **p < 0.01, and ***p < 0.001 is when LPS treated is compared with control. #p < 0.05, ##p < 0.01 and ###p < 0.001 is when LPS + Mel is 
compared with LPS-treated group
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improvement in cell viability (p < 0.05) and relatively 
weaker DCFDA fluorescence as compared to LPS-treated 
MSCs.

Mitochondrial membrane potential (JC‑1 staining)
MSCs were stained with JC-1 to assess the changes 
in mitochondrial membrane potential (ΔΨm). MSCs 
treated with LPS (1 and 3 μg LPS doses) recorded promi-
nent green (monomer) and weak red (dimer) fluores-
cence implying towards a significant decrement (p < 
0.001) in mitochondrial membrane potential. Improve-
ment in the fluorescence following co-treatment with 5 
μM melatonin suggested an improvement (p < 0.001) in 
mitochondrial membrane potential as compared to LPS-
treated groups (Fig. 1C).

mRNA levels of pro, anti‑inflammatory, and antioxidant 
genes in MSCs
Tlr4 and Lbp are key genes for assessing LPS induced 
inflammation and, in our study, LPS treated MSCs (for 
24 h) recorded a significant increase in the mRNA lev-
els of the said genes as compared to control (p < 0.001) 

(Fig. 2A). Further, mRNA levels of Nrf2 were non-signif-
icantly decreased following LPS treatment (Fig. 2B) thus 
implying towards a compromised cellular antioxidant 
status. LPS + Mel group accounted for lower Tlr-4 (p < 
0.001), Lbp (p < 0.05), and higher Nrf2 as compared to 
LPS-treated group. However, HO-1 levels were found to 
be elevated in all the experimental groups (Fig. 2B). Fur-
ther, LPS treated MSCs recorded a significant increment 
in mRNA levels Tnf-α (p < 0.01) and Il-6 (p < 0.05) and 
a decrement in Il-4 (p < 0.01) and Il-10 (p <0.05). Mela-
tonin co-treatment to these cells accounted for a signifi-
cant decrement in Tnf-α and Il-6 mRNAs (p < 0.01) and; 
a significant increment in Il-4 (p < 0.001). Il-10 mRNA 
levels were found to be non-significantly higher in this 
group (Fig. 3A, B).

Serum AST, ALT, and lipid profile
Food and water intake of C57BL/6J mice was monitored 
(16 weeks) during the period of study. HFFD treatment 
accounted for a significant increment in body weight gain 
(p < 0.001), liver weight (p < 0.001), and liver:body weight 
ratio (p < 0.05) as compared to control (Figure S2, A, B). 

Fig. 2  mRNA levels of a Tlr-4 and Lbp and b Nrf2 and Ho-1 following lipopolysaccharide (LPS) and/or melatonin (Mel) treatments to adipose-derived 
MSCs. Data expressed as mean ± S.E.M. for n = 3. *p < 0.05, **p < 0.01, and ***p < 0.001
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Significant hyperglycemia was recorded in serum (p < 
0.001) of HFFD group but HFFD + MSCs had recorded 
a significantly decrement (p < 0.001). Also, non-signifi-
cant hyperglycemia was recorded in HFFD + melatonin-
primed MSCs (Mel.MSC) group. Circulating titers of 
serum AST and ALT were significantly elevated in the 
HFFD group (p < 0.001) but, MSC and Mel.MSC groups 
accounted for a significant decrement in titers of the ALT 
(p < 0.01) and AST (p < 0.05). ALP levels did not show 
any significant alterations in all the experimental groups 
(Fig. 4).

Significantly higher levels of serum total lipids (p < 
0.01), total cholesterol (p < 0.001), triglycerides (p < 
0.01), and LDL cholesterol (p < 0.001) were recorded 
in HFFD group whereas; significant decrement was 
recorded in serum HDL-cholesterol (p < 0.05). Though, 
HFFD + MSC group had recorded non-significant dec-
rements in total lipids, total cholesterol, triglycerides, 
LDL cholesterol, and VLDL cholesterol, a significant 
increment in HDL cholesterol (p < 0.05) was recorded 
in this group. A similar trend was witnessed in HFFD 

+ Mel.MSC group with respect to the said parameters 
wherein, decrements in total lipids (p < 0.05), total cho-
lesterol (p < 0.01), and LDL cholesterol (p < 0.01) were 
significant (Fig. 5).

Histological assessment of liver tissue
The liver tissue sections showed normal hepatic cords 
radiating from the central vein and a preserved hepatic 
architecture. Also, the hepatocytes were polygonal 
and of uniform size with granular cytoplasm. The cells 
in vicinity of the portal vein showed healthy cellular 
characteristics. Liver of HFFD group showed distorted 
hepatic cords, ballooning hepatocytes with rarefied 
cytoplasm and macrovesicular steatosis. Also, the 
infiltration of inflammatory cells was evident in the 
said tissue. Treatment of HFFD fed mice with MSCs or 
Mel.MSCs led to a visible decrement in the fatty hepat-
ocytes and macrovesicular steatosis. Overall, a normal 
cellular architecture could be observed in these groups 
with minimal infiltration of cells due to inflammation 
(Fig. 6).

Fig. 3  m-RNA levels of a pro-inflammatory Tnf-α and Il-6 and b anti-inflammatory Il-4 and Il-10 cytokines in adipose derived MSCs treated with 
lipopolysaccharide (LPS) and/or Melatonin (Mel). Data expressed as mean ± S.E.M. for n = 3. *p < 0.05, **p < 0.01, and ***p < 0.001
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Fig. 4  Alterations in serum (A) glucose and liver markers (B), AST (C), ALT (D) ALP on high-fat high-fructose diet (HFFD), HFFD + adipose-derived 
mesenchymal stem cell (MSC) therapy (HFFD + MSC) and HFFD + melatonin (Mel) primed MSC therapy (HFFD + Mel.MSC). Data expressed as 
mean ± S.E.M. for n = 6. *p < 0.05, **p < 0.01, and ***p < 0.001

Fig. 5  Alterations in lipid markers (A) total lipids; TL (B) total cholesterol; TC (C) triglyceride; TG (D) LDL cholesterol; LDL-C (E) VLDL cholesterol; 
VLDL-C (F) HDL cholesterol; HDL-C. Data expressed as mean ± S.E.M. for n = 6. *p < 0.05, **p < 0.01, and ***p < 0.001
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mRNA levels of hepatic Nrf2, Sod, Catalase, and Gss
HFFD group had recorded a decrement in mRNA lev-
els of Catalase and Gss whereas; the Nrf2 and Sod levels 
were unchanged. However, Nrf2 (p < 0.01), catalase (p < 
0.01), and Gss (p < 0.01) mRNA were higher in HFFD + 
MSC and HFFD + Mel.MSC groups. The mRNA levels of 
Sod showed non-significant changes in all these experi-
mental groups (Fig. 7).

mRNA levels of hepatic Il‑4 and Hgf
The mRNA levels of anti-inflammatory marker gene 
Il-4 was found to be lowered in HFFD group. However, 
both HFFD + MSC (p < 0.01) and HFFD + Mel.MSC (p 
< 0.001) groups had recorded significant increment in 

mRNA levels of Il-4. Hgf has a mitogenic property in liver 
and accounts for its regeneration. In our study, all the 
three experimental groups had recorded an increment 
in mRNA levels of Hgf with the most significant increase 
recorded in HFFD + Mel.MSC group (p < 0.05) (Fig. 7).

Discussion
The observations made in this study suggest that 
administration of MMSCs in HFFD-fed mice results 
in improvement in functional status and histological 
features of liver. Currently there is no single US-FDA-
approved pharmacological drug for treatment of NAFLD 
or NASH. The complications associated with liver 
transplantation create the earnest need for alternative 

Fig. 6  Photomicrographs of liver: Control group showing normal of hepatic cords (orange star) radiating from the central vein (CV). HFFD group 
showing macrovesicular steatosis (black arrow), ballooning degeneration with rarefied cytoplasm (orange arrow) and infiltration of inflammatory 
cells (green arrow). HFFD + MSC and HFFD + Mel.MSC groups showing normal hepatic cords, moderate infiltration of inflammatory cells without 
any fatty manifestations
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therapeutic options. Stem cell therapy had shown vary-
ing degrees of success in treating liver diseases but an 
inflamed hepatic microenvironment often results in low 
survival ratio of transplanted cells [48]. In the present 
study, melatonin-primed adipose derived mesenchymal 
stem cells (MSCs) were administered to high-fat high-
fructose diet (HFFD) fed mice and the possible improve-
ment in success rate of transplant with respect to liver 
function was put to scrutiny. Based on the anti-oxidant 
attributes of melatonin we had hypothesized that mela-
tonin primed MSCs can possibly improve the functional 
status of a fatty liver. Intracellular oxidative stress and 
mitochondrial dysfunction plays a crucial role in vari-
ous cellular activities including cell growth, survival and 
death. Research groups had shown that exogenous stress-
ors such as tert-butyl hydroperoxide (t-BHP), hydrogen 
peroxide (H2O2), tumor necrosis factor alpha (TNF-α), 
or lipopolysaccharides (LPS) produced an heightened 
intracellular oxidative stress in a variety of cell lines [49]. 
Also, LPS treatment causing mitochondrial ROS pro-
duction in microglial cells with an upregulation of pro-
inflammatory mediators [50]. In bone marrow-derived 
macrophages, LPS induced ROS signaling has been 
reported to be downregulated in the inner mitochondrial 
membrane UCP2 (uncoupling protein 2) [51]. Also, LPS 
mediated production of nitric oxide (NO) and ROS that 
leads to nuclear translocation of NF-κB in murine mac-
rophages. In our study, LPS-treated MSCs symbolize an 
inflamed microenvironment in a fatty liver. Hence, an 
improvement in toxicity indices, intracellular oxidative 

stress, and mitochondrial membrane potential of LPS + 
melatonin-treated MSCs generates the ‘proof of concept’ 
and forms the basis of our study.

LPS-mediated activation of SIRT1/NRF2 pathway and 
the resultant oxidative stresses have been reported to 
be attenuated following melatonin treatment [52]. Also, 
studies with human ADMSCs had reported an upregu-
lation of cellular prion protein (PrPC) and lowered ER 
stress in ADMSCs treated with melatonin [53]. Melatonin 
is also known to prevent senescence of canine ADMSCs 
by activating Nrf2 via MT1/MT2 receptors [54]. Hence, 
the observed upregulation of Nrf2 mRNA following mel-
atonin treatment recorded in our study is in agreement 
with the published reports. LPS mediated inflammatory 
changes in kupffer cells and upregulation of TLR4 and 
LBP has reported [55]. In our study, melatonin treatment 
could successfully alleviate changes in the said parame-
ters and further had accounted for a decrement in mRNA 
levels of pro-inflammatory markers (Tnf-α and Il-6) and 
increment in anti-inflammatory markers (Il-4 and Il-10). 
These observations corroborate with reported upregula-
tion of anti-inflammatory markers that inhibit synthesis 
and release of pro-inflammatory markers [56]. Overall, 
this part of the study had justified the use of melatonin in 
alleviating LPS induced inflammation and had accounted 
for an improved survival status of MSCs.

Mesenchymal stem cells have been reported to dif-
ferentiate into hepatocyte like cells and contributing 
towards an improved liver function [11]. Also BMMSCs 
have been reported to improve CCL-4 induced liver 

Fig. 7  m-RNA expression of markers A Nrf2, B Sod, C Cat, D Gss, E Il-4, and F Hgf in hepatic tissue of control, HFFD, HFFD + MSC, and HFFD + Mel.
MSC. Data expressed as mean ± S.E.M. for n = 6. *p < 0.05, **p < 0.01, and ***p < 0.001
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fibrosis in mice [8]. Melatonin pre-treatment to ADM-
SCs had reduced apoptosis in an ischemic diseases 
model [57] and had improved homing of MSCs in liver 
of CCL4 treated rats [19]. Hepatocellular injury like 
apoptosis and ballooning or enlarged hepatocytes with 
a clear reticular cytoplasm are characteristic features of 
NAFLD and have been reported in HFD fed [40], MCD 
diet fed [58], and gene knockout mouse models [59, 60]. 
The said changes occur in correlation with higher cir-
culating titers of total cholesterol and triglycerides [40, 
61]. In our study, the liver of HFFD fed mice showed 
fatty changes in hepatocytes, macrovesicular steatosis, 
infiltration of inflammatory cells and elevated param-
eters of serum lipid profile. However, an improvement 
in the said histological parameters is attributable to 
the administration of MSCs that are known to improve 
hepatic histoarchitecture and liver function through 
an autocrine and/or paracrine mechanism [62, 63]. An 
improved status of serum lipid profile and higher titers 
of HDL-c in melatonin primed MSC treated group are 
indicative of improved systemic lipid load and metab-
olism. An improvement in physiological status of fatty 
liver (lower AST and ALT) observed in experimental 
group treated with melatonin primed MSCs are the 
highlight of our study.

The mechanism of repair of fatty liver is yet unclear 
but study by Domingues et al. (2019) had reported that 
antioxidant-upregulated MSCs have lower oxidative 
stress, systemic inflammation and an improved liver 
function in high-fat diet induced obesity in [10]. Also, 
UC-MSCs could ameliorate NAFLD and regulate lipid 
metabolism by increasing the expression of fatty acid 
oxidation genes in db/db mice [60]. Further, upregula-
tion of SOD and downregulation of apoptotic markers 
in melatonin primed MSCs had resulted in lowering 
of ROS production. In our study, an increment in the 
expression of Sod, Gss, and Nrf2 in Mel.MSC group is in 
agreement with these reports. A recent study from our 
lab had shown that carbon monoxide releasing mol-
ecule A-1 had led to an improved oxidative stress and 
mitochondrial function in a steatotic liver of C57BL/6J 
mice via activation of NRF2-ARE pathway [40]. Hence, 
the observed improvement in fatty changes in liver of 
Mel.MSC mice is possibly mediated via an improved 
intracellular antioxidant status orchestrated by NRF-
ARE pathway that needs further scrutiny. Reports of 
an improved homing of stem cells following melatonin 
priming have been reported in experimentally induced 
liver toxicity in rats [19] and the same can also be 
assumed to be responsible for an improvement in the 
therapeutic response and status of HFFD-fed NAFLD 
mice following Mel.MSC treatment.

Conclusions
Therapeutic response of ADMSCs shows an improve-
ment in HFFD-mediated NAFLD in C57BL/6J mice by 
priming the cells with melatonin. Overall, melatonin 
priming of MSCs is an effective therapeutic strategy that 
can be scaled-up for bench-to-bedside studies involving 
lifestyle disorders.
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