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How brief dietary limitation helps to cope against various 
biological insults has been a long-standing scientific 
question. Evolutionarily conserved homeostatic mechanisms 
have been identified that sense and respond to nutrient/
energy limitations and other biological stresses (1,2). 
These stress adaptation pathways collectively known as 
integrated stress response (ISR), which plays a protective 
role by promoting target cell survival and modulating 
immune responses. Amino acid limitation induces stress, 
sensed by general control non-depressible kinase (GCN2, 
aka EIF2AK4), is an integral part of ISR. Recent studies in 
animal models of autoimmune and inflammatory diseases 
have shown that amino acid metabolism and GCN2 
driven ISR are crucial in regulation of innate and adaptive 
immune responses (2,3). However, operative association 
between amino acid limitation, GNC2 and inflammation 
is not completely understood. By using an animal model 
of antibody mediated inflammatory kidney injury, we 
recently showed that GCN2-driven ISR provides an 
important negative feedback mechanism that antagonizes 
immune-mediated kidney injury; this occurs by induction of 
autophagy (4). Correspondingly, comprehensive studies by 
Ravindran et al. have revealed that GNC2 mediated amino 
acid limitation stress is an important negative feedback 
mechanism dampening gut inflammation and mucosal 
damage by suppressing T-helper cells 17 (TH17) response 
and enhancing autophagy (5). These studies suggest that 
protein/amino acid limitation or drugs that mimic such 
events might be an attractive target for modulation of 
inflammatory and other autoimmune disorders. 

In the gut, Ravindran et al. observed that GCN2 

expression levels were higher during both experimental and 
human inflammatory bowel diseases (5). Phosphorylation 
of GCN2 (leading to its activation) during dextran sulfate 
induced colitis in mice (DSS-colitis), was found to be 
restricted to mucosal epithelial cells and antigen presenting 
cells (APCs) (C11c + DCs and macrophages). During 
colitis, systemic GCN2 deficiency resulted in enhanced 
inflammatory damage and a TH17 response. Likewise, 
GCN2 deficiency in either gut epithelial cells or APCs 
resulted in severe DSS induced colitis (5). 

A potential explanation for these observations may be 
linked to autophagy, an integral part of the cellular stress 
response machinery (2). Abnormal autophagy leads to 
defective mitochondrial accumulation, causing oxidative 
stress. Eukaryotic initiation factor 2α (eIF2α), which 
regulates general protein synthesis, is the only known target 
of GCN2 kinase (Figure 1). Phosphorylation of eIF2α 
has been found to selectively upregulate the expression of 
stress response genes like activating transcription factor 4 
(ATF4), which is the nodal regulator of autophagy genes (3).  
Recent work from our laboratory showed that GCN2 drives 
autophagy in kidney stromal cells and protects them from 
ROS mediated cell death (4). Pharmacological inhibition 
of the autophagy response resulted in severe antibody 
mediated nephritis that was associated with greater kidney 
epithelial cell death (4). Similarly, Ravindran et al. reported 
that the absence of GCN2 led to higher mitochondrial ROS 
production in mucosal epithelial cells (and APCs) during 
colitis. Quenching ROS by N-acetyl-L-cysteine (NAC) 
reduced the severity of colitis and the TH17 response. 
Furthermore, higher levels of GCN2 dependent autophagy 
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were found in mucosal epithelium and APCs during DSS 
induced colitis (5). In this study, they also observed that 
mice deficient in downstream autophagy proteins in APCs, 
namely ATG5 and ATG7, showed severe DSS induced colitis 
and an enhanced TH17 response (5). Autophagy suppressed 
inflammatory cytokine secretion by inhibiting inflammasome 
activation (1). They also found that dendritic cells and 
macrophages isolated from the colons of DSS-treated GCN2 
deficient mice had significantly higher amounts interleukin 
1β (IL-1β), a pro-inflammatory cytokine central to the 
pathogenesis of colitis. Moreover, both inhibition of IL-1β 
by neutralizing antibody and inhibition of inflammasome 
assembly in GCN2 deficient mice, resulted in reduced TH17 
response and failure to develop severe colitis (5). Consistent 
with a central inflammatory role for GCN2, in murine 
glomerulonephritis, we found that GCN2 inhibited both 
cytokine production along with effector cell infiltration and 

activation within the kidney (4). Taken together, the findings 
suggest that GCN2-driven autophagy is an important 
negative regulator inflammatory stress and organ damage.

In animal models of many inflammatory diseases 
including colitis, a short-term dietary protein/energy 
limitation has been shown to limit organ damage (3). 
Recent studies link this effect to the GCN2 driven stress 
response. Ravindran et al. reported that mice fed on either 
a reduced protein diet or diet-lacking leucine resulted in 
rapid activation of eIF2α in colonic APCs and epithelial 
cells, and they acquired a less severe DSS induced colitis 
in a GCN2 dependent manner (5). Further, activation of 
TH17 response was also found to be lower in mice fed with 
reduced protein or leucine deficient diets (5). In this regard, 
enzymatic catabolism of amino acids can also create such 
amino acid limitation signal (3). Signals from inflammatory 
milieu, for example, interferons, are known to induce amino 
acid catabolizing enzymes such as indoleamine dioxygenase 
1 (IDO1) (catabolizes tryptophan), ARG 1&2 (catabolizes 
arginine), iNOS (catabolizes arginine) and ASP (catabolizes 
asparagine) (3). Recent studies from our laboratory show 
that the tryptophan catabolizing intracellular enzyme IDO1 
drives a similar amino acid limitation signal inhibiting 
systemic autoimmunity and kidney inflammation in a 
GCN2 dependent manner (3,4). Activation of amino acid 
catabolizing enzymes seems to represent a damage control 
program that turns on a GCN2 mediated signaling cascade 
of protective responses and autophagy (3). Thus, amino 
acid availability serves as a “second messenger” regulating a 
downstream GCN2-eIF2α arm of the stress response.

Overall, the results suggest that either short-term 
protein/amino-acid restriction or drugs activating GCN2/
autophagy is a potential strategy to ameliorate acute 
inflammation. To this end, the amino acid limitation/
starvation response can be simulated by blocking the amino 
acylation of transfer-RNAs (tRNAs) with their cognate 
amino acids. In this regard, the AASR mimetic drug, 
Halofuginone inhibits prolyl-tRNA synthatase limiting the 
charging of tRNA molecules designated for the proline, 
activating GCN2-eIF2α axis (3). In an animal model 
of renal ischemia reperfusion injury, Halofuginone was 
protective in a GCN2 dependent manner, and it has also 
shown protection in other inflammatory models, including 
experimental autoimmune encephalitis (EAE), scleroderma 
and colitis (6). More recently, our laboratory reported that 
Halofuginone suppressed both inflammatory cytokine and 
autoantibody production (7). Furthermore, Halofuginone 

Figure 1 Integrated stress response (ISR). The ISR includes four 
Ser/Thr kinases sensing various biological stresses including amino 
acid deprivation (sensed by GCN2), endoplasmic reticulum (ER) 
stress (sensed by PERK), heme limitation (sensed by HRI), and 
foreign RNS and DNA damage (sensed by PRK). The activation 
of ISR kinases and subsequent eIF2α phosphorylation suppress 
protein synthesis in general and drives expression of stress response 
genes like activation transcription factor 4 (ATF-4), a nodal 
transcription factor that regulates expression of genes encoding 
autophagy factors and cytokines.
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was also protective in a severe immune mediated nephritis 
in a GCN2 dependent mechanism (4).

In conclusion, the amino acid limitation driven GCN2-
autophagy pathway modifies immune and stromal tissue 
responses during inflammation thereby minimizing end 
organ damage. Therefore, small molecules targeting GCN2 
driven IRS pathway while preserving nutritional integrity 
could serve as a rationale therapy for inflammatory diseases 
(Figure 2). Future studies should help to identify such 
strategies.
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Figure 2 Potential targets to modulate integrated stress response 
(ISR). 1, rapid activation of amino acid catabolizing enzymes like 
indoleamine dioxygenase 1 (IDO1), arginase (ARG1 and ARG2), 
inducible nitric oxide synthase (iNOS) and asparaginase (ASP) 
deplete tryptophan, arginine and asparagine activating GCN2; 2, 
dietary limitation of essential amino acids; 3, halofuginone and 
tryptophanol mediated activation of GCN2 by rendering prolyl-
tRNA and tryptophan-tRNA uncharged.
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