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Abstract
Introduction  The mitochondrial-derived peptides (MDPs) are a novel group of natural occurring peptides that have important 
signaling functions and biological activity. Both humanin and small-humanin-like peptide 2 (SHLP2) have been reported to 
act as insulin sensitizers and modulate metabolism.
Objectives  By using a metabolomic approach, this study explores how the plasma metabolite profile is regulated in response 
to humanin and SHLP2 treatment in a diet-induced obesity (DIO) mouse model. The results also shed light on the potential 
mechanism underlying MDPs’ insulin sensitization effects.
Methods  Plasma samples were obtained from DIO mice subjected to vehicle (water) treatment, or peptide treatment with 
either humanin analog S14G (HNG) or SHLP2 (n = 6 per group). Vehicle or peptides were given as intraperitoneal (IP) injec-
tions twice a day at dose of 2.5 mg/kg/injection for 3 days. Metabolites in plasma samples were comprehensively identified 
and quantified using UPLC-MS/MS.
Results  HNG and SHLP2 administration significantly altered the concentrations of amino acid and lipid metabolites in 
plasma. Among all the metabolic pathways, the glutathione and sphingolipid metabolism responded most strongly to the 
peptide treatment.
Conclusions  The present study indicates that humanin and SHLP2 can lower several markers associated with age-related 
metabolic disorders. With the previous understanding of the effects of humanin and SHLP2 on cardiovascular function, 
insulin sensitization, and anti-inflammation, this metabolomic discovery provides a more comprehensive molecular explana-
tion of the mechanism of action for humanin and SHLP2 treatment.
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1  Introduction

Mitochondria are highly dynamic organelles that control 
cellular energetics, biosynthesis of macromolecules and 
stress response. Different from other organelles in the 
cell, mitochondria are semi-autonomous as they are sur-
rounded by a double membrane and possess their own 
small genome which encodes proteins essential for oxidative 

phosphorylation (OXPHOS) complexes. However, mito-
chondria are not isolated entities, they form highly con-
nected networks called mitochondrial reticulum, and com-
municate with the nucleus through retrograde signaling. 
Mitochondrial retrograde signaling allows communication 
from mitochondria to the nucleus via secondary messengers 
including Ca2+, ATP/ADP, NAD+/NADH ratios, and other 
small molecules (Durieux et al. 2011; Haynes et al. 2010; 
Zhang et al. 2018). The cell has developed sophisticated 
pathways to sense and transmit these mitochondrial signals 
to modulate nuclear gene expression, leading to cellular 
remodeling of metabolism to accommodate changes in the 
mitochondria (Kim et al. 2018). With the advances in the 
understanding of mitochondrial biology and the establish-
ment of the small open-reading frame (sORF) biology, it 
is now well-accepted that the mitochondrial genome con-
tains not only the information about energy metabolism, 
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but also the molecular instructions for retrograde signaling. 
In addition to the aforementioned biochemicals, small pep-
tides encoded in the mtDNA have also been added to the 
repertoire of mitochondrial secondary messengers mediat-
ing signaling events. These mitochondrial-derived peptides 
(MDPs) are secreted into the circulation and exert a plethora 
of functions through receptor-mediated signaling pathways 
(Fuku et al. 2015; Gong et al. 2017; Kim et al. 2018; Klein 
et al. 2013; Qin et al. 2018; Xiao et al. 2017).

Humanin, which was the first MDP discovered, was iden-
tified as a neuroprotective peptide using a screen searching 
for genes that could protect neuronal cells from amyloid-β 
toxicity (Hashimoto et al. 2001; Hashimoto et al. 2001a; 
Hashimoto et al. 2001b; Yen et al. 2018). It was later found 
to be an IGFBP-3 interacting protein and exerts its anti-
apoptotic functions through direct binding to IGFBP-3 
(Ikonen et al. 2003). Over the past decade, the effects and 
mechanism of humanin action have been carefully character-
ized (Harada et al. 2004; Kim et al. 2016; Muzumdar et al. 
2009; Nashine et al. 2017; Qin et al. 2018; Yen et al. 2018; 
Ying et al. 2004). Humanin protects cells against various 
insults, such as oxidative damage and amyloid toxicity (Chai 
et al. 2014; Klein et al. 2013; Okada et al. 2017; Paharkova 
et al. 2015; Romeo et al. 2017; Thummasorn et al. 2016; 
Thummasorn et al. 2017; Thummasorn et al. 2017). It also 
suppresses chemotherapy-induced apoptosis in normal blood 
cells, while sensitizing tumor cells to chemotherapy (Lue 
et al. 2015). In addition to cytoprotection, humanin admin-
istration has several metabolic benefits including enhanced 
insulin sensitivity and better cardiac function (Muzumdar 
et al. 2009; Qin et al. 2018; Qin et al. 2018; Zhang et al. 
2012). As for the regulation of endogenous humanin, it was 
found that its levels decreased with age, and that it is sup-
pressed by the growth hormone/insulin-like growth factor-1 
axis (GH/IGF-I axis), which is one of the most important 
pathways in aging (Lee et al. 2014; Mao et al. 2018; Muzum-
dar et al. 2009).

The discovery and comprehensive study of humanin has 
built a foundation for more novel MDPs to be identified and 
characterized. In fact, mitochondrial peptides MOTS-c and 
small humanin-like peptides (SHLPs) were discovered and 
reported to have important regulatory effects on metabo-
lism. SHLP 1–6 are circulating peptides of approximately 
20 amino acids in length and are encoded within the same 
16S rRNA in which humanin is located. SHLP2 exhibits 
similar effects as humanin, in terms of anti-apoptosis, insu-
lin sensitization and maintenance of glucose homeostasis 
(Cobb et al. 2016). Furthermore, in vitro SHLP2 treatment 
also promotes mitochondrial health by increasing oxygen 
consumption rate (OCR) and ATP generation. Recently, we 
have reported that SHLP2 plays a key role in the develop-
ment and racial disparity of prostate cancer, as low levels of 

SHLP2 are linked with increased prostate cancer in white 
men (Xiao et al. 2017).

MDPs are encoded within the mitochondrial genome to 
carry on crucial signaling tasks and are involved in a broad 
range of metabolic events. So far, most of the studies on 
MDPs have focused on one disease model or one biological 
effect at a time. This targeted research approach, although 
allowing for deep investigation, may nevertheless provide 
limited information. Humanin and SHLP2 have been shown 
to enhance metabolic fitness, and exhibit protection against 
metabolic syndromes such as cardiovascular diseases, type-2 
diabetes and cancer. It is intriguing that many of these dis-
eases are associated with obesity, therefore we speculated 
that humanin and humanin-like peptides may have effects in 
obesity-induced pathobiology. In this study, we administered 
the potent humanin analog HNG or SHLP2 in diet-induced 
obesity (DIO) mice. Blood samples were collected, and 
plasma was sent for metabolome analysis to obtain a com-
prehensive understanding of the changes in the metabolite 
profile and metabolic pathways.

2 � Methods

2.1 � Animals and sample collection

12 week old, male, dietary-induced obesity (DIO) C57BL/6 J 
mice were purchased from Jackson Laboratory (Bar Harbor, 
ME, USA). The mice were housed 3 per cage and under 
standard 12 h light–dark cycle with access to water and 
high fat (60% fat) rodent food ad libitum (Research Diets 
#D12492). Mice were randomly assigned to one of three 
experimental groups (n = 6 per group): a control group 
receiving daily Intraperitoneal (IP) injection of vehicle 
(sterilized water); a HNG-treated group receiving twice 
daily IP injection of 2.5 mg HNG per kg body weight; or a 
SHLP2-treated group receiving twice daily IP injection of 
2.5 mg SHLP2 per kg body weight. Both peptides were syn-
thesized and purchased from Genscript, Piscataway, NJ and 
reconstituted in water immediately before injection. Mice 
were euthanized after 3 days of treatment. Blood was col-
lected in blood collection tubes with spray-coated K2EDTA 
(Becton–Dickinson, USA) and cells were removed by cen-
trifugation at 1500×g for 10 minutes at 4 °C. The result-
ing supernatant (plasma) was transferred and aliquoted into 
Eppendorf tubes, then immediately stored at − 80 °C. The 
plasma samples were then shipped on dry ice to Metabolon 
(NC, USA) for subsequent fractionation, mass-spectrometry 
and analysis. There were no differences between bodyweight 
or food intake between groups (Supplemental Fig. 1). All 
experiments with mice were performed in accordance with 
the appropriate guidelines and regulations and approved by 
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the University of Southern California Institutional Animal 
Care and Use Committee (IACUC) under protocol #20787.

2.2 � Data analysis

Initial analysis of data was performed by Metabolon (NC, 
USA) as described previously (Lee et al. 2015). One-way 
ANOVA (analysis of variance) and Tukey & Dunnett mul-
tiple comparisons were conducted to identify biochemicals 
that differed between control and peptide treatment when 
comparing the metabolic profiles of plasma samples (Array-
Studio). P values < 0.05 were considered statistically signifi-
cant. The level of 0.05 is the false positive rate when there 
is one test. However, for a large number of tests we need to 
account for false positives. The FDR was estimated using 
the q-value (ArrayStudio). The additional tests, including 
hierarchical clustering, Random Forest analysis, principal 
component analysis (PCA) were conducted by using RStudio 
version 1.0.143.

2.3 � Western blot

Tissue was lysed with RIPA buffer (25 mM TrisHCl pH 7.6, 
150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% 
SDS) supplemented with Halt protease and phosphatase 
inhibitor cocktail (ThermoFisher Scientific). The lysates 
were homogenized using a sonicator, and the supernatant 
was collected by centrifugation at 19,000×g for 15 minutes 
at 4 °C. Protein content in the lysates was quantified using 
the PierceTM BCA Protein Assay Kit (ThermoFisher Scien-
tific). A total of 30 μg protein/well were separated on 8–16% 
SDS-PAGE gels and blotted onto PVDF membranes (Bio-
Rad). Membranes were incubated with primary anti-CPT1A 
antibody (128568, abcam) and anti-β-actin antibody (A5316, 
Sigma) at 4 °C overnight, according to the manufacturer’s 
instructions. After several washes with Tris-buffered saline 
containing 0.1% Tween-20, membranes were incubated at 
room temperature for 1 hour with the appropriate HRP-
conjugated secondary antibody. Enhanced chemilumines-
cence was used for detecting specific bands. Membranes 
were imaged on a Bio-Rad ChemiDoc XRS + imager. Rela-
tive band intensities in each condition were quantified using 
ImageJ, a free software provided by National Institute of 
Health (Bethesda, Maryland, USA).

2.4 � qPCR

Total RNA was isolated from liver tissue using Trizol lysis 
followed by Zymo extraction according to the manufacture 
protocol (CAT: R2054). RNA samples (1 ug) were reverse 
transcribed to cDNA was using iScript cDNA synthesis 
kit (CAT: 1708890). Ssoadvanced Universal SYBR green 
supermix was used to amplify cDNA. For relative gene 

expression analysis, the 2 − ΔΔCT method was used, which 
measures the fold increase (or decrease) of the target gene in 
the test sample relative to the calibrator sample and is nor-
malized to the expression of a reference gene. Target genes 
were normalized to the CT of the reference gene for both 
the test and calibrator sample (ΔCT). Then, the ΔCT of the 
test sample was normalized to the ΔCT of the calibrator 
sample (ΔΔCT). Finally, the expression ratio was calculated 
by 2 − ΔΔCT and then examined data relative to the control 
samples. The following primers were used: Actin forward 
(5′CCA​ACC​GCG​AGA​AGA​TGA​3′) Actin reverse (5′TCC​
ATC​ACG​ATG​ CCA​GTG​3′), Cpt1A forward (5′CCG​TGA​
GGA​ACT​CAA​ACC​TATT3′) Cpt1A reverse (5′CAG​GGA​
TGC​GGG​AAG​TAT​TG3′), SphK1 forward (5′GGT​ACG​
AGC​AGG​TGA​CTA​ATG3′) SphK1 reverse (5′GGA​CAG​
ACT​GAG​CAC​AGA​ATAG3′), Spp1 forward (5′CCA​TTG​
GTG​GAC​CTG​ATT​GA3′) Spp1 reverse (5′GTG​TCA​AGG​
GTG​AAA​GAG​AAGA ·3′), Spt forward (5′GAC​AAG​AAG​
ACC​CTG​GAA​GAAA3′) Spt reverse (5′CTT​CAG​GAA​GGC​
GAA​CAA​TAGA3′), Ceramidase forward (5′GTG​TCA​GAA​
ACC​CAA​ACC​AATC3′) Ceramidase reverse (5′GGA​CCC​
AAC​GGT​AAC​AAT​CT3′) Ggt forward (SAAC​AGA​AGG​
CAC​TGA​CGT​ATC3′) Ggt reverse (5′CCT​GAG​ACA​CAT​
CGA​CAA​ACT3′), Gpx-1 forward (5′CCC​GTG​CAA​TCA​
GTTC -3′) Gpx-1 reverse (5′TTC​GCA​CTT​CTC​AAA​CAA​
3′).

2.5 � Determining changes in GSH

GSH concentration was measured using the commercially 
available GSH-Glo™ Glutathione Assay (Promega) follow-
ing the manufacturer’s instructions. Briefly, 10 mg frozen 
liver tissues were homogenized in 1 ml PBS containing 
2 mM EDTA. The lysates were incubated with the GSH-
Glo™ Reagent and Luciferin Detection Reagent. Lumines-
cence of liver tissue lysates from HNG and SHLP2 injected 
DIO mice were compared to the controls to determine 
changes in GSH.

3 � Results

3.1 � Multivariate analysis

The present dataset comprises a total of 549 compounds 
of known identity (named biochemicals). Plasma levels 
of 52 biochemicals changed significantly (14 rose and 38 
fell) in response to HNG treatment, while 77 biochemicals 
changed significantly (16 rose and 61 fell) in response to 
SHLP2 treatment. The majority of these metabolites could 
be categorized into the 4 categories as will be discussed 
below. Figure 1 is hierarchical clustering analysis demon-
strating evidence of peptide-specific effects. Hierarchical 
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clustering is used to compare similarities and differences 
between metabolite profiles. When using the changes in all 
549 biochemicals, the control mice were clustered in one 

group while the HNG and SHLP2 groups exhibited a more 
overlapping pattern of changes. As it is known that both 
humanin and SHLP2 have unique and overlapping signal-
ing mechanisms (Cobb et al. 2016), it is not surprising to 
see some similarity between the two peptides. Comparing 
between HNG and SHLP2 treatments, there were only 16 
metabolites that were significantly different from each other. 
These differences are summarized in supplemental Table 1.

Random Forest (RF) analysis attempts to bin individual 
samples in groups based on their metabolite similarities and 
differences. Random Forest also defines which metabolites 
contribute most strongly to the grouping process. Figure 2a 
presents Random Forest results for the control and peptide-
treated plasmas. RF was able to properly bin 4 of 6 control 
samples (predictive accuracy 67%), which is an indication 
that control sample profiles were unique from the peptide-
treated samples. The top 3 differentiating metabolites were 
1-(3-aminopropyl)2-pyrrolidone (CID 82111), 2-aminobu-
tyrate (CID 439691), and N-formylmethionine (CID 911). 
Figure 2a also displays a plot of the top 30 Mean Decrease 
Accuracy values calculated for the comparison of all five 
sample groups. A higher Mean Decrease Accuracy value 
indicates a greater group differentiating contribution. A clear 
distinction between HNG and SHLP2 treatment groups was 
not observed and this could be due to a number of reasons. 
Firstly, HNG and SHLP2 are known to activate common 
pathways such as the ERK signaling pathway, although at a 
different kinetic rate. Secondly, the differences in the pep-
tide treatment may not have been noticeable at the plasma 
level and an examination of the tissue specific effects could 
further distinguish the two peptide treatments. In fact, our 
supplementary data figure S2 suggests that in the liver, there 

Fig. 1   Hierarchical clustering analysis of the metabolomic data. Red 
color indicates the abundance of metabolite were up-regulated com-
pared to that of the control and green color indicates down-regulation. 
(See ratio color key)

Table 1   Changes in 
acylcarnitines and malonate 
levels when treated with HNG

Bold indicates significant difference (p ≤ 0.05), metabolite ratio of < 1.00

Metabolite CID Pathway Fold change p value

3-Hydroxybutyrylcarnitine 53481617 Fatty acid metabolism 0.39 0.010
Acetylcarnitine 1 Fatty acid metabolism 0.79 0.241
Adipoylcarnitine 71296139 Fatty acid metabolism 0.54 0.032
Cis-4-decenoyl carnitine 57357170 Fatty acid metabolism 0.68 0.120
Decanoylcarnitine 10245190 Fatty acid metabolism 0.77 0.206
Hexanoylcarnitine 6426853 Fatty acid metabolism 0.62 0.210
Laurylcarnitine 10427569 Fatty acid metabolism 0.77 0.285
Linoleoylcarnitine 6450015 Fatty acid metabolism 0.72 0.025
Myristoleoylcarnitine 129691961 Fatty acid metabolism 0.71 0.088
Myristoylcarnitine 6426854 Fatty acid metabolism 0.73 0.156
Octanoylcarnitine 123701 Fatty acid metabolism 0.86 0.556
Oleoylcarnitine 6441392 Fatty acid metabolism 0.71 0.009
Palmitoleoylcarnitine 71464547 Fatty acid metabolism 0.66 0.044
Palmitoylcarnitine 461 Fatty acid metabolism 0.82 0.113
Stearoylcarnitine 6426855 Fatty acid metabolism 0.93 0.203
Malonate 867 Fatty acid synthesis 0.74 0.049
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are distinct effects on transcript levels such as the case of 
Sphk and Ggt. Thirdly, because the experiment was not setup 
to distinguish between the two different peptides, it could 
have been underpowered to observe the subtle differences 
between peptide groups. Since we did not observe a clear 
distinction between HNG and SHLP2 treatment, we per-
formed a second RF test taking HNG and SHLP2 as a single 
“peptide treated” group. Figure 2b demonstrated that RF 
properly bin 11 of 12 treatment samples. The metabolite with 
the highest mean-decrease-accuracy value were 2-aminobu-
tyrate (CID 439691) and 1-(3-aminopropyl)-2-pyrrolidone 

(CID 82111). The former is a metabolite generated in the 
process of transsulfuration to generate cysteine. Statisti-
cal comparison of 2-aminobutyrate levels in control versus 
each of the peptides generated the lowest p-values among 
all the measured metabolites. Amino acid and lipid metabo-
lites were highly represented in the top 30. Furthermore, we 
found that the metabolites from sphingolipid metabolism, 
glutathione and gamma glutamyl transferase (GGT) metabo-
lism and methionine, cysteine, SAM and taurine metabolism 
were overrepresented, which suggests that these biological 
pathways are most influenced by HNG and SHLP2 (Fig. 3a). 

(A)

(B)

Fig. 2   Random Forest classification using named metabolites in 
plasma of control compared to plasma of Humanin and SHLP2 
treated mice. The dot chart displays the top 30 Mean Decrease 
Accuracy values calculated for a the comparison of all three sample 

groups. A higher Mean Decrease Accuracy value indicates a greater 
group differentiating contribution. Amino acid and lipid metabolites 
were highly represented in the top 30. b The comparison between 
control group and peptide treatment group (Humanin and SHLP2)
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PCA permits visualization of how individual samples, 
within a group, cluster with respect to their “principle com-
ponents” calculated from the relative changes in the selected 
metabolites. As such, this analysis tool aids in determining 
if the plasma from peptide-treated mice can be differentiated 
from control, or from each other, based on differences in 
their overall metabolite signature. Comparing control to all 
peptide-treated samples, there appears to be some degree of 
segregation on the x-axis (component 1). There was substan-
tial variability across all groups, which may reflect animal 
to animal variability in response to peptide.

3.2 � Changes in metabolite profile with HNG 
or SHLP2 treatment

Overall, we can group the altered metabolites based on their 
biological pathways into 4 categories:

(1)	 The methionine cycle and glutathione metabolism The 
metabolites alpha-ketobutyrate (CID 58), 2-hydroxybu-
tyrate (CID 440864) (an isobar of 2-hydroxyisobutyrate 
where 2-hydroxybutyrate predominates) and 2-amin-
obutyrate (CID 439691) (top metabolite in RF analysis 
above) significantly decreased in response to peptide 
administration, which may be indicative of reduced 
cysteine synthesis from cystathionine (p < .05). How-
ever, plasma cysteine (CID 5862) levels were relatively 
consistent between groups, as were methionine (CID 
6137) and cystathionine (CID 439258). The generation 
of cysteine from methionine through the transsulfura-
tion pathway occurs primarily in liver and kidneys. It 

is possible that the secretion of methionine, cystathio-
nine and cysteine into plasma is not affected by subtle 
changes in the syntheses. Betaine (CID 247), which 
is utilized to convert homocysteine back to methio-
nine, was lower in all peptide-treated plasma, possi-
bly consistent with greater recycling of homocysteine 
and less homocysteine conversion to cystathionine to 
support cysteine and glutathione synthesis. Oxidized 
glutathione (CID 65359) was lower to a statistically 
significant degree (p < .05) in SHLP2 treated mice but 
not in HNG treated mice, relative to control (Fig. 3). 
Checking the mRNA levels of glutathione related 
enzymes such as Ggt and Gpx, we find a significant 
decrease in HNG treated mice for Ggt and a significant 
increase in Gpx transcript for both treatments (Supple-
mental Figure S2).

(2)	 Gamma-glutamyl-amino acid the plasma levels of sev-
eral gamma-glutamyl amino acids were significantly 
lowered, including gamma-glutamyl glutamate (CID 
92865), gamma-glutamyl glutamine (CID 126296) 
and gamma-glutamyl histidine (for SHLP2 only) 
(CID 7017195). In addition, the concentration of the 
downstream metabolite 5-oxoproline (CID 7405) also 
decreased significantly for the HNG group and trended 
downwards for the SHLP2 group. Gamma-glutamyl 
amino acids are made through adding a gamma-glu-
tamyl functional group from molecules such as glu-
tathione to an amino acid and this reaction is catalyzed 
by the enzyme gamma-glutamyl transferase (GGT). 
This result suggests that HNG and SHLP2 suppress 
gamma-glutamyl-amino acid cycle through (1) down-

Fig. 3   The metabolite profile of the transmethylation, transulfura-
tion and gamma-glutamyl cycle. a The schematic diagram of the 
pathway. Yellow box indicates metabolite not measured in the 
metabolomic discovery, green box indicates metabolite measured 
but did not change in response to peptide treatment, blue box indi-

cates metabolite that was down-regulated compared to control. b Box 
plots of selected biochemicals. Values are normalized raw area counts 
rescaled to set the median equal to 1. * indicates p < .05 compared to 
control
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regulation of GGT activity; (2) reducing availability 
of glutathione. However, the latter hypothesis is less 
likely, since the levels of cysteine, glutamate, and gly-
cine were not affected (Fig. 4).

(3)	 Sphingolipid metabolism sphingolipids play signifi-
cant roles in cell membranes and provide many bioac-
tive metabolites that regulate cell function. From this 
metabolome study, we observed consistent modulation 
induced by these MDPs, which was a reduction in mul-
tiple components of the sphingolipids pathway. Sphin-
ganine (CID 3126), which is a precursor to ceramide, 
decreased significantly in HNG and SHLP2 treated 
plasma, relative to control. This may suggest a reduc-
tion in synthesis in tissues. Furthermore, two glyco-
sylated ceramides, glycosyl-N-palmitoyl-sphingosine 
and glycosyl-N-steroylsphingosine, displayed strong 
decreases with both peptides. Multiple types of sphin-
gomyelin also exhibited significant reduction. Sphin-
gomyelin is synthesized from the enzymatic transfer 
of a phosphocholine to a ceramide with diacylglycerol 
being produced as a byproduct. We also observed a 
trend of decreases in plasma diacylglycerol in response 
to HNG/SHLP2 treatment, which suggests that the syn-
thesis of sphingomyelin from ceramide was impeded 
(Fig. 5). Checking liver mRNA levels of sphingolipid 
related enzymes found no significant changes although 
there was a trend for a decrease sphingosine kinase 1 
gene in the HNG treated group (Supplemental Figure 
S2).

(4)	 Acylcarnitine metabolism We found that several long-
chain acylcarnitines were lower in HNG-treated mice 
(Table 1) but not in SHLP2-treated mice. Carnitine 
is conjugated to fatty acids, by the enzyme carnitine 
palmitoyl transferase (CPT), to facilitate their trans-
port across the mitochondrial membrane. The activity 

Fig. 4   The metabolite profile of the gamma-glutamyl cycle. Yellow 
box indicates metabolite not measured in the metabolomic discov-
ery, green box indicates metabolite measured but did not change in 
response to peptide treatment, blue box indicates metabolite that was 
down-regulated compared to control

Fig. 5   The metabolite profile of the sphingolipid metabolism. a The 
schematic diagram of the pathway. Yellow box indicates metabo-
lite not measured in the metabolomic discovery, green box indicates 
metabolite measured but did not change in response to peptide treat-

ment, blue box indicates metabolite that was down-regulated com-
pared to control. b Box plots of selected biochemicals. Values are 
normalized raw area counts rescaled to set the median equal to 1. * 
Indicates p < .05 compared to control
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of CPT is considered a rate-limiting step in fatty acid 
β-oxidation. Elevated levels of acylcarnitines in cells 
can indicate increased levels of fatty acid β -oxida-
tion, whereas higher concentration of acylcarnitines in 
plasma may suggest inefficient fatty acid breakdown, 
with subsequent export of excess acylcarnitines from 
cells ending up in the blood stream. Under these cir-
cumstances, the HNG-dependent decrease in acylcar-
nitines might be consistent with a higher efficiency 
of mitochondrial oxidative phosphorylation shown in 
other studies. Checking both mRNA levels and protein 
levels in the liver of treated mice (Supplemental Fig-
ures S2 and S3), we found no change in the message 
level, but a significant increase in HNG treated mice.

4 � Discussion

4.1 � Key intermediates in the γ‑glutamyl cycle were 
reduced in plasma from peptide treated mice

The γ-glutamyl cycle is an important process in the cell to 
maintain a normal redox state; it generates glutathione to 
scavenge ROS, and thereby avoiding detrimental oxidative 
stress (Pompella et al. 2007). The thiol group of cysteine in 
glutathione is able to donate electron to other molecules, 
such as reactive oxygen species to neutralize them. By con-
tributing an electron, glutathione can be converted to its 
oxidized form, GSSG. Therefore, the ratio of reduced glu-
tathione to oxidized glutathione within cells is often used as 
a measure of cellular oxidative stress (Griffith et al. 1979). 
In our metabolomic study, the levels of glutathione in the 
plasma are not available, because the non-targeted approach 
we utilized is not an ideal way to measure labile biochemi-
cals that are very rapidly oxidized in blood. Although the 
ratio of glutathione: GSSG cannot be calculated, the reduc-
tion of GSSG in plasma still implicated reduced oxidative 
stress in tissues (Harris and Hansen 2012).

2-Hydroxybutyrate is released as a byproduct when cys-
tathionine is cleaved to cysteine that is incorporated into 
glutathione, which can be further catalyzed to form 2-amin-
obutyrate. When there is increased oxidative burden and 
glutathione consumption, ophthalmate can be synthesized 
from glutamate and 2-aminobutyrate as a tripeptide ana-
logue of glutathione (Fig. 5). For this reason, the elevation 
of ophthalmate and intermediates in this pathway is consid-
ered a potential biomarker for glutathione depletion follow-
ing oxidative stress (Soga et al. 2006). It was also reported 
that ophthalmate, 2-aminobutyrate and 2-hydroxybutyrate 
increased significantly in various cancer types including 
breast cancer, ovarian cancer, and oral cancer (Fong et al. 
2011; Tan et al. 2013). Moreover, the elevated levels of 
5-oxoproline, an amino acid derivative in the glutathione 

cycle, is strongly correlated with increased glutathione 
consumption in colorectal cancer (Qiu et al. 2014). These 
aforementioned metabolites were reduced in plasma from 
HNG and SHLP2 treated DIO mice, which is indicative of 
lower ROS levels in tissues and a decrease in demand for 
glutathione. This metabolic signature also agrees with previ-
ous studies demonstrating the anti-ROS benefits of humanin 
and SHLP2 (Paharkova et al. 2015); (Cobb et al. 2016; Klein 
et al. 2013; Matsunaga et al. 2016; Sreekumar et al. 2016; 
Thummasorn et al. 2017). Furthermore, suppression of the 
key intermediates in glutathione synthesis pathway may help 
explain why high SHLP2 levels are associated with lower 
risk of prostate cancer, as oxidative stress is involved in all 
aspects of tumor development (Xiao et al. 2017).

4.2 � Peptide treatment decreased sphingolipids

Sphingolipids are important structural components of cell 
membranes and play essential roles in cell signaling. Sphin-
golipids are primary components in lipid rafts, which are 
stabilized areas on the plasma membrane that are enriched 
in sphingomyelin and cholesterol. The lipid rafts stabilize 
the membrane, serve as attachment points for proteins and 
provide structural scaffolding (Gault et al. 2010). With their 
structural and signaling roles in cell and plasma membranes, 
sphingolipids are involved in insulin-action and inflamma-
tion (Kang et al. 2013; Li et al. 2011). In addition, the sphin-
golipids ceramide and sphingosine 1-phosphate (S1P) are 
mediators of apoptotic signaling (Ponnusamy et al. 2010). 
Several reports have linked sphingolipids to normal and 
abnormal aging and their levels are elevated in diabetes 
and obesity (Samad et al. 2006; Shah et al. 2008). Sphin-
gomyelin is one of the most abundant sphingolipid and acts 
as both membrane component and pool for rapid ceramide 
generation. Several studies showed that high-fat-diet (HFD) 
increased sphingomyelin levels in liver, adipose tissue and 
plasma (Russo et al. 2013). High concentration of sphingo-
myelin has also been correlated with coronary artery disease 
in obese patients. S1P, a potent bioactive sphingolipid, was 
found to be significantly higher in liver, skeletal muscle, 
and plasma in response to several experimental models of 
HFD. While S1P in liver and skeletal muscle was unchanged 
by HFD or palmitate in some studies, S1P in plasma was 
consistently elevated, which suggests that circulating S1P 
may mediate some of the systemic effects induced by HFD 
and obesity (Choi and Snider 2015). Furthermore, there is a 
positive correlation between plasma S1P and body fat per-
centage, body mass index, waist circumference, and fast-
ing plasma insulin in obese humans (Kowalski et al. 2013) 
(Fig. 6).

The ability of humanin to suppress ceramide synthesis has 
been demonstrated in in vitro models (Bachar et al. 2010). 
However, the two ceramides (N-palmitoyl-sphingosine 
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(C16:0) and N-stearoyl-sphingosine (C18:0)) measured in 
current study did not exhibit significant decrease in plasma. 
This result does not exclude the possibility that synthesis 
of C16:0 and C18:0 ceramides were indeed suppressed 
by HNG, because circulating ceramide levels might not 
promptly reflect tissue levels. Moreover, the reduction in 
S1P and sphingomyelin further suggests that the peptide 
treatments restored the HFD-induced dysregulation of sphin-
golipids and reduced sphingolipid levels might partially 
explain their anti-apoptosis and insulin-sensitizing effects. 
It has also been reported that AMPK activation inhibits 
ceramide synthesis at the serine palmitoyl transferase step 
(Erickson et al. 2012). Consistent with this notion, MDPs 
have been shown to activate AMPK in vivo. The role of 
sphingolipids in obesity and metabolic aging is still emerg-
ing, our findings of reduced circulating levels of sphingolip-
ids in HNG and SHLP2 treated mice provide a new putative 
biochemical explanation for their importance in maintaining 
metabolic fitness during aging.

4.3 � Similarities between HNG and SHLP2

Currently, we know that HNG and SHLP2 are both made 
from the mitochondrial 16S rRNA and have some com-
mon biological functions. For example, they both activate 
ERK and STAT3 signaling pathways, and exhibit insulin 
sensitization as well as anti-apoptosis effects (Cobb et al. 
2016). As was seen in the PCA analysis and hierarchi-
cal clustering, clustering of control samples is observed, 
however, the clustering and separation between HNG and 
SHLP2 treated samples are limited. Limited hierarchical 

clustering or PCA group separations can be an indication 
that the overall metabolite profiles are somewhat similar, 
but this does not exclude the possibility that individual 
metabolite levels may be significantly different between 
groups.

Humanin is known to exert its diverse functions through 
extracellular membrane receptors and intracellular bind-
ing partners. Binding of humanin to the CNTF, WSX1 
and GP130 trimeric receptor leads to STAT3 phosphoryla-
tion and activation of downstream pathways and it has a 
central effect (Gong et al. 2015; Kim et al. 2016). As for 
SHLP2, it has been reported that SHLP2 also activated 
STAT3 pathways in a time-dependent manner but with 
different kinetics than those induced by humanin, however 
the mechanism prior to STAT3 action remains unknown 
(Cobb et al. 2016). Through this study, we established 
more metabolic similarities between HNG and SHLP2, 
and these metabolic similarities may be the result of one or 
two common pathways. Alternatively, it has recently been 
shown that both HNG and SHLP2 exhibit chaperone like 
activity and this common feature may also contribute to 
the overlapping effects (Okada et al. 2017). Other studies 
have also linked both humanin and SHLP2 to protection 
and eye disease (Nashine et al. 2017, 2018; Okada et al. 
2017; Sreekumar et al. 2016; Terluk et al. 2015). As there 
are still many more MDPs (Cobb et al. 2016; Du et al. 
2018; Kim et al. 2018; Nashine et al. 2018; Xiao et al. 
2017; Zhai et al. 2017), it is likely that some will have 
overlapping metabolic similarities as well as distinct ones 
as was the case for these two peptides.

5 � Conclusions

PCA and Random Forest analysis indicated that the plasma 
metabolite profiles of peptide-treated mice differed from 
controls and the reduction of major intermediates in the 
glutathione cycle and sphingolipid pathways. The obser-
vation of peptide-dependent reductions in sphingolipids 
is very intriguing, given their role in lipid signaling and 
a potential connection of ceramides to insulin resistance 
and apoptosis. Peptide effects on glutathione metabolism 
were also meaningful, and more detailed examination of 
the relevant pathway in specific tissues may offer greater 
insight. In addition, future metabolic characterization of 
tissues, such as liver and muscle, in peptide-treated mice 
will be very instructive and shed light on the complex 
biochemical events triggered by MDPs.
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Fig. 6   The metabolite profile of the carnitine metabolism pathway. 
The schematic diagram of the pathway. Yellow box indicates metabo-
lite not measured in the metabolomic discovery, green box indicates 
metabolite measured but did not change in response to peptide treat-
ment, blue box indicates metabolite that was down-regulated com-
pared to control
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