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Abstract

Humanin is the first newly discovered peptide encoded in the mitochondrial genome in over three 

decades. It is the first member of a novel class of mitochondrial derived peptides. This small, 24 

amino acid peptide was initially discovered to have neuroprotective effects and subsequent 

experiments have shown that it is beneficial in a diverse number of disease models including 

stroke, cardiovascular disease, and cancer. Over a decade ago, our lab found that humanin bound 

IGFBP-3 and more recent studies have found it to decrease circulating IGF-I levels. In turn, IGF-I 

also seems to regulate humanin levels and in this review, we cover the known interaction between 

humanin and IGF-I. Although the exact mechanism for how humanin and IGF-I regulate each 

other still needs to be elucidated, it is clear that humanin is a new player in IGF-I signaling.
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 1. Introduction

Humanin (HN) is the first member of a new class of small signaling peptides that originate 

from the mitochondrial genome. First discovered as a neuroprotective molecule that 

protected neurons against amyloid-beta toxicity, it has additionally been shown to have anti-

apoptotic and cytoprotective properties. Furthermore, HN is regulated by both insulin-like 

growth factor-I (IGF-I) and growth hormone (GH) and conversely HN has been shown to 

regulate IGF-I, possibly through its ability to bind insulin-like growth factor-binding protein 

3 (IGFBP-3). In this review we discuss this newly emerging field of mitochondrial derived 

peptides and humanin’s biological role with a special focus on the interaction between 

humanin, IGF-I, and growth hormone.
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 2. The discovery of humanin

Small open reading frames (sORFs) and alternative open reading frames (altORFs) are 

ubiquitously present in all genomes, but their biological functions have not been thoroughly 

studied [1,2]. The translation of some of them have been confirmed [3], however, the coding 

capacity of the mitochondrial sORFs has long been overlooked. Previously, it was 

commonly accepted that the human mitochondrial DNA (mtDNA) was an extremely 

compact genome that only encoded 13 essential components of the electron transport chain 

and 24 structural RNAs required for their translation [4]. The mitochondrial genome 

displays exceptional economy of organization, with no introns and very few noncoding 

nucleotides between coding sequences [5]. Humanin is a sORF found in the mitochondrial 

genome about 10 years ago (Figure 1). The Nishimoto group identified the humanin cDNA 

sequence from a functional expression screen. Clones that protected cells from cell death 

induced by a mutant form of amyloid precursor protein (APP), a possible cause of 

Alzheimer’s disease, were compared and they all shared a 75 bp sORF. This sORF is 

identical to a region of the mitochondrial 16S rRNA and encodes a 24-amino acid peptide, 

which was called “humanin” in hopes that it would restore the humanity back to patients 

with Alzheimer’s disease [6,7]. Further experiments proved that the overexpression of 

humanin can suppress neuronal death caused by Familial Alzheimer’s Disease (FAD) 

proteins including APP, presenilin1 and 2 [6].

In a separate, independent screen by the Reed lab, they discovered the mechanism by which 

HN acts as an anti-apoptotic molecule [8]. HN was cloned as a Bax binding partner from a 

yeast two-hybrid screen and the interaction was confirmed by co-immunoprecipitation. 

Although other Bcl-2 family proteins such as Bcl-2 and Bcl-B share structural similarity 

with Bax, they did not interact with HN. Furthermore, HN could suppress apoptosis in a 

Bax-dependent way by preventing Bax translocation from cytosol to mitochondria, but 

apoptosis induced by Bax-independent stimulus such as necrosis induction was not 

suppressed by HN [8].

At almost the same time, a study by our group shed light on how HN, insulin-like growth 

factor, and apoptosis could be related. We cloned HN from another yeast two-hybrid screen 

when searching for IGFBP-3 interacting proteins [9]. The affinity and specificity of binding 

between the two molecules were determined both in vitro and in vivo. IGF-binding proteins 

are a group of proteins that regulate IGF-I bioavailability by acting as carriers. In particular, 

IGFBP-3, the most abundant one, accounts for 80% of all IGF binding and can participate in 

regulation of cell survival both dependently or independently of IGF-I [10]. The levels of 

IGFBP-3 are up-regulated by pro-apoptotic signals and IGFBP-3 has been shown to induce 

apoptosis [11]. On the other hand, IGF-I is known to have an anti-apoptotic effect and can 

protect against Aβ-induced neuronal death in an IGFBP-3 sensitive fashion, as 10nM 

IGFBP-3 is sufficient to completely abrogate IGF-I mediated protection [12]. Similar to 

IGF-I, HN is described as a circulating factor that promotes cell survival. HN administration 

attenuated hormone deprivation-induced apoptosis of testicular germ cells, whereas 

IGFBP-3 treatment had opposing effects [13]. HN specifically blocked IGFBP-3-induced 

cell death through its interaction with the C-terminal domain of IGFBP-3, but did not 

compete with IGFBP-IGF-I binding. Surprisingly, IGFBP-3 enhanced HN protection against 
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Aβ1-43 toxicity in mouse primary neurons, suggesting that IGFBP-3 synergized with HN 

[9].

Humanin is the first protein encoding sORF found in the mitochondrial genome. This 

finding is important since it implies the existence of a group of novel mitochondrial derived 

peptides (MDPs) and we have published the discovery of another MDP, MOTS-c [14,15]. 

Moreover, HN itself can acts as a signal peptide sequence and is secreted out of the cell with 

HN levels being measurable in plasma, cerebrospinal fluid (CSF), and seminal fluid [16]. 

This secretory feature allows HN to perform a more diverse signaling function, and most 

importantly, allows HN to signal from the mitochondria to the cell to the rest of the 

organism.

 3. The structure of humanin

Human HN is a 24- or 21-amino acid peptide depending on if the mRNA is translated in the 

cytoplasm or mitochondria, respectively. It is not yet clear where the exact site of translation 

is, but both synthesized forms of HN show anti-apoptotic effects [8]. A recent study from 

Parharkova et al. suggests that at least in rats, translation occurs within the mitochondria 

[17]. Because humanin is relatively short, systematic single amino acid substitution has been 

performed on each residue to study the importance of each amino acid (summarized in 

Figure 2). Residues 3-19 were found to be the “core domain” for HN’s neuro-protective 

ability [18]. Furthermore, this region may also directly bind to Aβ, thus preventing Aβ from 

self-aggregating [19]. Modification of the “core domain” yielded potent HN analogues: 

replacement of Ser14 with glycine gave rise to an enhanced form of HN (S14G/HNG) with 

increased potency over 1,000-fold [20]. Replacement of Ser14 by D-form serine also 

improved HN’s function [21]. With regards to the IGFBP-3 binding ability, Phe6 and Lys21 

were identified as essential sites. Substitution of Phe6 by alanine completely negated the 

interaction between HN and IGFBP-3, whereas Lys21 to alanine conversion only prevented 

binding at lower concentrations of IGFBP-3 [9]. HNG-F6A, is another HN analogue with 

Ser14 to glycine and Phe6 to alanine modifications. As a non-IGFBP-3 binding peptide with 

more potent cyto-protective function, HNG-F6A has been shown to regulate insulin action in 

β-cells and stimulate glucose-stimulated insulin secretion [22]. Moreover, HNG-F6A 

treatment prevented endothelial dysfunction and atherosclerosis progression by down-

regulating oxidative stress and apoptosis in the developing plaque [23]. The amino acid 

residues Leu9, Leu10, Leu11, Pro19 and Val20 were found to be critical for humanin 

secretion. Other HN analogues have also been characterized, including HN-C8P (abolished 

binding to Bax), HN-S7A (no self dimerization) and HN-L12A (HN antagonist) and these 

HN analogues are able to inhibit cyclophosphamide-induced germ cell apoptosis with the 

exception of HN-L12A [24].

 4. The mechanism of humanin action

HN interacts with multiple other proteins intracellularly to inhibit apoptosis. Bax and 

IGFBP-3 were the first two HN binding partners identified. It has long been established that 

HN can bind Bax and prevent Bax translocation to the mitochondria [8]. Recently, a study 

also demonstrated that HN, by interacting with IGFBP-3, interfered with the binding of 
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importin-β1 to IGFBP-3 in vitro, thereby inhibiting IGFBP-3 dependent cell death [25]. BH3 

interacting-domain death agonist (Bid) and its truncated form (tBid), as well as the extra 

long isoform of Bim (BimEL) were identified HN binding partners [26,27]. A V-set and 

transmembrane domain containing two like (VSTM2L) protein has been shown to co-

localize with HN in distinct brain regions and primary neurons, where it acts as an 

antagonist of HN [28]. Actinin-4 and M-phase phosphoprotein 8 (MPP8) have also been 

identified as HN interacting proteins, however, the biological consequences of their 

interactions with HN have not been elucidated [29].

Since HN is a secretory protein, it participates in diverse extracellular signaling events in 

addition to its intracellular functions. Ying et al. demonstrated that both HN and Aβ42 

activate the G protein-coupled formylpeptide-like-1 receptor (FPRL1) [30]. FPRs are known 

to be activated by bacterial or mitochondrial formyl peptides and activate MAP kinases 

(MAPKs). Both HN and Aβ42 were able to chemoattract monocytes and activate phagocytic 

cells [30]. Although Aβ42 induced neuronal death, HN prevented apoptosis potentially by 

competing with Aβ42 for binding to FPRL1. This finding was confirmed by an independent 

study searching for ligands for orphan G-coupled receptors. Using Chinese hamster ovary 

(CHO) cells transfected with the FPRL1 and FPRL2 receptors, it was found that HN directly 

interacts with these two receptors [31]. Nevertheless, Hashimoto et al. found that STAT3 

phosphorylation, but not the FPRL1 receptor is required for HN’s ability to prevent cell 

apoptosis against neurotoxicity in F11 hybrid neuronal cells [32]. HN induced STAT3 

phosphorylation was further shown to be important in pancreatic beta-cell survival and 

function [33]. A later study on chemotherapy-induced germ cell apoptosis also demonstrated 

involvement of STAT3 signaling in HN mediated protection [24]. In addition, the 

improvement on insulin sensitivity by HN is dependent on hypothalamic STAT3 stimulation 

[34]. Taken together, STAT3 activation is essential for many of the HN effects, suggesting 

that the HN receptor may belong to the cytokine receptor family. Consistent with this notion, 

Hashimoto et al. found that HN requires a tripartite cytokine-like receptor complex consists 

of the ciliary neurotrophic factor (CNTF) receptor, the IL-27 receptor WSX1, and 

glycoprotein (gp) 130 (IL6ST) to prevent neuronal loss [35]. Activation of this complex will 

up-regulate the Janus kinase (JAK) 2 and STAT-3 pathways. As for additional signaling 

pathways associated with HN, Akt-1 phosphorylation was enhanced in primary mouse 

neurons in response to HNG administration, indicating increased insulin/IGF-I signaling 

[36]. However, in mouse heart, an increase in phospho-AMPK was observed after HNG 

injection in vivo [37]. It is also reported that HN inhibits APP induced c-Jun N-terminal 

kinase (JNK) activation as an alternative strategy to rescue neurons from apoptosis [38].

 5. The regulation of humanin

Being an essential cyto-protective factor, HN is up-regulated as a part of the stress response. 

For example, ApoE-deficient mice fed with a high-cholesterol diet had elevated levels of HN 

in the endothelial cells [23], but the underlying molecular mechanism is not understood. 

Pigmented villonodular synovitis (PVNS) is a joint disease associated with chronic 

inflammation and HN expression was increased markedly in mitochondria and siderosomes 

in cells derived from PVNS patients [39]. Muscles from patients with chronic progressive 

external ophthalmoplegia or mitochondrial encephalomyopathy with lactic acidosis and 
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stroke-like episodes (MELAS) also had increased HN expression compared to the muscles 

of those in control subjects [40]. The authors suggested that the induction of endogenous HN 

production in MELAS patients may be a compensatory mechanism for the defects in energy 

production in the affected muscle fibers; while further progressive defects may ultimately 

lead to degenerative ragged-red fibers. The hypothesis that up-regulation of HN is necessary 

to help cope with cellular stress was further supported by the findings of increased 

intracellular levels of HN after myocardial ischemia and reperfusion (MI-R) in mouse 

cardiac tissue [37]. Regarding the conditions that suppress HN expression, age is the 

primary factor that negatively influences the circulating HN levels in human and rodents. 

Additionally, rats have a significant loss of humanin in brain and skeletal muscle as they age 

[34]. These findings hinted that HN may be an anti-aging peptide. As for the degradation 

and recycling of HN, a tripartite motif protein TRIM11 was found to bind HN and down-

regulate HN levels [41]. TRIM11 has a RING finger domain that functions as ubiquitin E3 

ligase. Taken together, it is highly likely that TRIM11 targets HN for proteasomal pathway 

by ubiquitination.

 6. The role of humanin in age-related pathologies

The HN ORF was discovered from the protected region of an AD brain, which inspired 

researchers to focus on the effects of HN on neurodegenerative diseases. Both in vivo and in 
vitro experiments supported the protective role of HN in AD-related pathology. It was 

demonstrated that HN could antagonize neurotoxicity induced by a wide range of FAD 

genes, including mutant APP, Presenilin (PS)1, PS2, and other Aβ peptides (Aβ 1-42 and Aβ 

25-35) in vitro [6]. HN does not inhibit secretion of Aβ peptides but mediates its effects via 

activation of Jak2/STAT3 pro-survival pathway [32]. It stabilizes mitochondrial potential and 

prevents release of cytochrome c [42]. Moreover, HNG (a potent HN analogue) was shown 

to disaggregate Aβ fibrils in vitro [43]. As for in vivo evidence, intra-cerebro-ventricular 

injection prevented impairment of spatial working memory caused by Aβ25-35 [44]. In 

addition, intraperitoneal injection of HNG also ameliorated behavioral deficits induced by 

Aβ25-35 by reducing neuro-inflammation and apoptosis [45]. HN treatment also had 

beneficial effects in different AD mouse models, including APPswe/PS1dE9 mice, APPswe/

tauP310L/PS-1M146V triple transgenic mice and Tg2576 mice [46–48]. The role of HN 

was also studied in other neurological diseases, such as stroke. HN treatment has been 

shown to reduce infarct volume, prevent neuronal cell death and improve neurological 

function in an ischemia and reperfusion (I/R) mouse model [49]. The neuro-protective effect 

of HN on I/R injury was confirmed by several independent studies [50,51].

Besides neurological disorders, cardiovascular disease (CVD) is another age-related disease 

that has become a major focus of HN research. HN treated mice demonstrated attenuated 

myocardial I/R injury, as shown by decreased infarct size and improved cardiac output [37]. 

Furthermore, lower HN levels are associated with coronary endothelial dysfunction [52]. 

Consistent with this observation, HN treatment prevented endothelial cell apoptosis caused 

by Ox-LDL-induced oxidative stress [53] and preserved endothelial function in ApoE 

deficient mice on a high cholesterol diet by enhancing eNOS activity [23].
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 7. The overlapping functions of IGF-I and humanin

Humanin and IGF-I have both overlapping and distinct biological functions (Figure 3). First 

of all, like IGF-I, humanin is secreted from cells and is found in the plasma, and humanin 

expression is detected in multiple tissues including the skeletal muscle, liver, fat, and 

hypothalamus [34]. Furthermore, IGFBP-3 binds to both [9,54]1. Similar to the IGF-I 

signaling pathway, humanin activates multiple downstream signaling pathways including 

ERK1/2 and JAK2-STAT3 by binding to plasma membrane receptors [30,35]. In stroke 

models, both molecules have beneficial effects. In middle cerebral artery occlusion (MCAO) 

mice and oxygen-glucose deprivation in primary cortical neurons, humanin induces 

PI3K/Akt activation similar to IGF-I stimulation, which mediates humanin’s protective 

effect against hypoxia/ischemia reperfusion injury [50]. Similarly, IGF-I protects against 

hypoxic ischemic injury [55] and increased levels of bioavailable IGF-I in the CSF protected 

rat brains from ischemic insult [56]. Both molecules also inhibit neuronal apoptosis induced 

by familial Alzheimer’s Disease genes and similar to humanin, IGF-I was found to enhance 

brain Aβ clearance in rats and the Tg2576 mice [12] [47,48,57]. Both signaling pathways 

control cell death, metabolism, and transcription. Humanin has similar beneficial effects on 

metabolism and cell death as IGF-I. For example, IGF-I and humanin showed similar 

protective effects in ApoE-null mice fed with a high-fat diet. Both IGF-I and humanin 

decrease atherosclerotic plaque size, reduce vascular oxidative stress and apoptosis, and 

decrease vascular inflammatory responses by reducing the expression of proinflammatory 

cytokines [58,59]. Both also have cardioprotective effects in murine models of myocardial 

ischemia reperfusion as well [53,60] [23].

In contrast to those similar beneficial effects between IGF-I and humanin, the role of IGF-I 

and humanin in cancer seems to be opposite. Meta-regression analysis showed that high 

levels of circulating IGF-I are correlated with the increased risk of cancer, and the 

correlation varies between cancer sites [61]. In addition, IGF-I receptor expression and 

activation play a crucial role in cancer development [62]. On the other hand, HNG 

suppresses melanoma lung metastasis in mice, and HNG with a chemotherapeutic agent, 

cyclophosphamide, further suppresses the lung metastasis [63]. In addition, HNG alone and 

HNG with bortezomib showed suppression of tumor growth and an increase in apoptosis in 

mice with human neuroblastoma or medulloblastoma tumor xenografts [64]. These studies 

together not only reveal the potential of HN as an anti-cancer therapeutic, but also find HN 

to be protective against chemotherapy side-effects. HNG treatment also prevented 

chemotherapy-induced bone growth impairment and infertility [65]. The correlation between 

the level of circulating humanin and the development of cancer is still unclear. Even though 

humanin has multiple protective effects in physiological and pathological conditions, like 

IGF-I, the circulating humanin level declines with age in mice, rats, and humans [34,66]. 

Given the numerous functions of humanin and their overlap with IGF-I, we will discuss the 

functional interaction of humanin with IGF-I below.

 8. Regulation of humanin by IGF-I

GH/IGF-I signaling has been well characterized in the aging process [67]. Emerging 

evidence suggests that mitochondrial factors including mtDNA and mitochondrial derived 
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peptides could play a key role in regulation of aging and aging-related diseases. Although 

the regulation of endogenous humanin is still unclear, it has been reported that circulating 

humanin levels decline with age [34]. A recent paper from our lab explored the possible 

interactions of the GH/IGF-I signaling pathway and humanin in genetically modified mouse 

models in the GH/IGF-I axis and humans [68]. These mouse models have a unique GH and 

IGF-I profile, and their corresponding humanin levels suggest that IGF-I negatively regulates 

circulating humanin levels, but not GH per se. GH-transgenic mice (GH-Tg) have a 70% 

reduction in plasma humanin levels and increased levels of GH and IGF-I. They exhibit 

increased body size, various symptoms of premature aging, and a 50% decrease in lifespan 

compared to control [69]. In contrast, Ames dwarf (Prop-1df) mice have a 40% increase in 

plasma humanin levels and have nondetectable levels of GH and IGF-I. This strain has a 

decreased body size, delayed symptoms of aging, and an increased lifespan [70]. Liver-

specific IGF-I deficient (LID) mice, which have a 45% increase in plasma humanin level, 

display elevated levels of GH and a 75% reduction of IGF-I and exhibit normal growth and 

lifespan [71]. IGFBP-3 knockout (BP3KO) mice, which showed a 70% decrease in plasma 

humanin levels, exhibit no change in GH and no difference in body weight, but show 

reduced lifespan and enhanced IGF-I activity due to an increase in the free IGF-I [72]. 

Direct treatment of rhGH and rhIGF-I in male C57BL/6 mice caused a reduction in humanin 

levels in plasma, further suggesting that GH inhibits humanin levels via IGF-I [68]. In 

humans, plasma samples from GH-deficient children who were being evaluated for their 

short stature had humanin levels that were negatively correlated to IGF-I levels [68]. 

Furthermore, plasma samples from an Ecuadorian cohort with GH receptor deficiency, very 

low levels of IGF-I, and extreme short stature showed that humanin levels were 80% 

elevated compared to normal matched Ecuadorian relatives [73]. These results suggest that 

humanin levels are directly down-regulated by IGF-I (Figure 4). Notably, humanin and IGF-

I levels simultaneously decrease with age. This could be due to the age-dependent 

accumulation of mitochondrial DNA damage as well as the impairment of mitochondria 

quality control in mice and humans [74]. In contrast to the in vivo experiments, the 

regulation of humanin in response to IGF-I in vitro is different. According to another study 

where rat humanin levels were measured in testicular cells, the endogenous humanin level 

increased in response to GH and IGF-I in cultured Leydig cells from 10- and 40-day-old 

rats, but not from 60-day-old rats. This may suggest a developmental regulation of humanin 

in response to IGF-I [75]. In this study, humanin promoted the survival of Leydig cells in 

culture, and humanin cooperatively with IGF-I enhanced the rate of steroidogenesis by 

Leydig cells from 10- and 40-day-old rats, but not from 60-day-old rats [75]. Humanin’s 

effect on steroidogenesis may be due to the increased survival of IGF-I responding cells in 

the culture rather than an enhanced rate of steroidogenesis. Differential receptor expression 

patterns of these aged cells may also explain the differential action of humanin on these 

cells, but further studies are required to clarify this point of view.

 9. IGFBP-3 and humanin pharmacokinetics

HNGF6A is unique in that it does not bind to IGFBP-3 but retains humanin’s cytoprotective 

effects. A pharmacokinetic profile study of HNG and HNGF6A in IGFBP-3 knock out 

(IGFBP-3 KO) mice and their wild type littermates showed that circulating IGFBP-3 
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appeared to modulate HN levels, including peak levels and clearance rates of injected HN 

analogues. WT mice treated with either HNG or HNGF6A had a higher peak HN plasma 

level compared to the IGFBP-3 KO mice treated with HNG. Clearance of HN analogues was 

slower in the two groups characterized by absence of HN and IGFBP-3 interaction: WT 

mice injected with HNGF6A and IGFBP-3 KO mice injected with HNG, compared to WT 

mice given HNG [76]. These results suggest that HNG bound to IGFBP-3 resulted in a 

higher peak level, but more rapid clearance from plasma.

 10. Regulation of IGF-I and IGFBP-3 levels by humanin

The effects of humanin analogues on plasma IGFBP-3 and IGF-I levels were examined in 

mice [76]. According to the study, HNG decreased the plasma IGFBP-3 levels over time, 

decreasing to 80% of baseline after 3hrs. In contrast, an IGFBP3-nonbinding analogue, 

HNGF6A, did not change the plasma IGFBP-3 levels. Similarly, plasma IGF-I levels were 

differentially regulated by HNG and HNGF6A. IGF-I levels decreased approximately 30% 

when HNG was administered whereas they remained unchanged by HNGF6A in wild type 

mice and also remained unchanged when HNG was injected in IGFBP-3 KO mice. These 

results support the view that humanin’s binding affinity to IGFBP-3 leads to the enhanced 

clearance and reduced circulating levels of IGF-I and IGFBP-3. As humanin does not inhibit 

the binding affinity between IGF-I and IGFBP-3, HN’s binding to IGFBP-3 may alter the 

stability of the ternary complexes [76] [54]. Furthermore, a study demonstrating that 

humanin enhances cyclophosphamide (CP)-induced suppression of lung melanoma 

metastases showed that administration of HNG with CP suppressed plasma IGF-I levels 

compared to CP alone [63]. These results suggest that the reduction of IGF-I mediated by 

humanin may cooperatively enhance the tumor suppressive effect of CP.

 11. Conclusion

As the new field of mitochondrial derived peptides emerges, the role of these peptides as 

signaling molecules becomes more clear. Although the exact mechanism by which IGF-I 

regulates humanin and vice-versa occurs is still under investigation, future studies will 

determine these details. Humanin’s overlapping function with IGF-I as well as its apparent 

control by and control of IGF-I/GH suggests that humanin is a new emerging player in IGF-

I/GH signaling.
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Highlights

• Humanin is a new player in the regulation of the GH-IGF axis

• IGFBP-3 interacts with Humanin to influence both IGF-I and Humanin 

bioavailability

• Humanin is the first member of a novel class of peptides encoded 

within small open reading frames in the mitochondrial genome

• Humanin has also been shown to have neuroprotective and 

cytoprotective effects

• Humanin decreases circulating IGF-I levels in mouse studies, having a 

diet-restriction-mimetic effect
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Figure 1. The human mitochondrial genome and the humanin ORF
The human mitochondrial genome is compact (16,569 bp). Transcription can be initiated 

from one of two promoters (HSP1, HSP2) on the heavy strand or the single promoter (LSP) 

on the light strand. All of these promoters are located in the D-loop, a non-coding region 

acting as the control region. The genome encodes for 22 tRNAs (yellow circles), 2 rRNAs 

(dark blue) and 13 canonical protein-coding genes (green, NADH: ubiquinone 

oxidoreductase subunits 1–6; purple, cytochrome b; pink, cytochrome c oxidase subunits I–

III; turquoise, ATPases 6 and 8). Humanin (red) sequence is within the 16S rRNA gene and 

transcribed from the heavy strand.
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Figure 2. Function of specific amino acid residues within humanin
Mutational analysis has revealed critical amino acid residues for humanin actions. Important 

amino acids are marked with their function as noted in the key.
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Figure 3. 
The unique and overlapping functions of IGF-I and humanin
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Figure 4. Schematic diagram of GH, IGF-I, and Humanin regulation
GHRH stimulates pituitary GH release which stimulates IGF-I production mainly in the 

liver. IGF-I forms negative feedback loop to GH release by stimulating SRIF, which inhibits 

pituitary GH release, and by inhibiting pituitary GH release directly. IGF-I suppresses 

humanin level in the plasma, and vice versa humanin suppresses circulating IGF-I level. 

Both IGF-I and humanin binds to IGFBP-3. Somatotropin release-inhibiting factor (SRIF); 

GH-releasing hormone (GHRH)
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