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Critical illness refers to a state of poor health where the vital organs are not functioning properly and immediate
care is necessary to prevent the risk of imminent death. This condition may however have the potential for reversal.
The actions of cortisol are mediated through two types of corticosteroid receptors: the mineralocorticoid receptor
(MR) and the glucocorticoid receptor (GCR). The MR is primarily involved in regulating electrolyte balance, while

the GCR plays a crucial role in regulating the immune response and inflammation.

CIRCI sepsis critical illness adrenal cortisol glucocorticoid receptor

| 1. Introduction

Critical illness refers to a state of poor health where the vital organs are not functioning properly and immediate
care is necessary to prevent the risk of imminent death. This condition may however have the potential for reversal.
While a broad spectrum of conditions can evolve to critical illness, sepsis and septic shock comprise the majority of
cases and up to 30% of all ICU patients exhibit sepsis at some stage during their ICU stay [&l. The care of these
patients involves a multidisciplinary approach and takes place in an intensive care unit (ICU) with experienced
personnel [&. Over time, critical illness and sepsis management has evolved from organ support and vital-sign
monitoring to the identification of specific syndromes. Recently, biological heterogeneity within current critical states

has been recognized through the findings of translational research &,

Despite the fact that sepsis may have different etiologies, the pathophysiological pathways leading to septic shock
and multiple organ failure are shared between different entities 4 and involve both immune and endocrine adaptive
and maladaptive responses that evolve over time, in the acute, subacute, and chronic phase of patient care &
COVID-19-related critical illness displays many characteristics common in other septic syndromes with the
predominance of respiratory system involvement, which may also include acute respiratory distress syndrome
(ARDS) 8. Table 1 summarizes the similarities and differences between COVID and non-COVID critical illness
(Table 1).

Table 1. Comparison of characteristics between COVID-19-related sepsis and sepsis of different etiologies.

Clinical and Laboratory Characteristics COVID-19 Other Etiologies

Cultured pathogens @ Initially (<) Initially (+) in most cases
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Clinical and Laboratory Characteristics COVID-19 Other Etiologies
Cytokine storm &2 +/- +/-
T-cell deficits 2! +/- +/-
Immunosupression profile EIE +- +/-
TNFa/IL-1b L0 1 '
Interferon responses [LOJL] ! ©
Plasma cortisol 1, l,0r < 1, 1,0r <
CIRCI +/- +/-
GCR GCR-atory . Iigacr;](c?z;f?nri?; ?ct)lry c;bR-B
Steroid treatment DEX * (12 HC * [L3]
Long term outcomes Long COVID syndrome [14] Post-sepsis syndrome [25]
Mortality (28! Higher compared to non-COVID 33-52%
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mefZBORSM U< Mhisdh, 2hdMBAF P RIFEEALRRI RaSERIGERIECHAAIN AAW AT Liefre 1ocal
gluclzgggr%ggoc zlar\%fllz%l(ﬂw. arﬂ%' Ig)L(J[Iean Qla WeDt}/sszuuer](s:[tJlgcrl]ﬁCFE%%'nI%}rgpu%glc'o%t(?c]o?dslgng’ ggR depends on local

58 ot atedintarMuiladilihe ned , the MxpFesgiemded, fiDtioDefitbeh@ER, Gl8oCutadiligetisiaread Femdcuitbe
inagd i eG Rrpooeetioidite Réde proe Exgirets tlaniptOaref MIEE:1261@)sie, eTe3—ed(ie adequate plasma
cortisol concentrations. Glucocorticoid resistance, and hence the magnitude of cortisol’s, effect, may be due to

59. Goodwin, J.E.; Fen/g, Y.; Velazquez, H.; Sessa, W.C. Endothelial glucocorticoid recegtor is
decreased GCR-a mRNA and protein expression, the receptor subtype expressed, a reduced GCR affinity for

required for protection against sepsis. Proc. Natlﬁcad. Sci. USA2013, 110, 306-311.
cortisol and nuclear translocation, and/or binding to DNA 4. Glucocorticoid resistance occurs in sepsis and may

66k Kamiparentkbuldatsuda, llirfasnanedeebeoitRkaNPattovéadetie, patisiaslazadénth; age ¥ 3Riation

betWek@ehd-tiediag atayiuboddatadieymmeap dhsiairdlsMod Wrtiaseafegiinp aAHiGOIERIE RN DX RSB ated

in dedtamugatieshy andresll rapaias B RDSS HECgdiBeaiPghderdusing methylprednisolone. Am. J.
Physiol. Lung Cell Mol. Physiol. 2008, 295, L998-L1006.

Most of the data on glucocorticoid resistance in_critical illness are derived from_ experimental septic models.

61. Dekelbab, B.H.; Witchel, S.F.; DeFranco, D.B. TNF-alpha and glucocorticoid rec%)gor interaction

Endotoxin and lipopglysaccharide (LPS) injury models have shown a decreased ligand. a |8/ and a _down-
In L6 muscle cells: A cooperatve ggﬂggﬂ[ﬁ( gulation of myosin heavy chain. Steroids 200

7,72, 705—
regglftzion of GCR-a expression . One group showed that impaired GCR-a dimerization resulted in

worse Iilng barrier function during lipopolysaccharide (LPS)-induced inflammation and glucocorticoid treatment 58],
6R. vamydewale, sambEngraepmaisersiidtankiaahnne mpanssaeynast k- Rerersatidn, Yedhdeshaegiasmic
hypbteWérlings viorsdfa Wiygger@oh dlVmg LPevasateKenbivtpitie ihiokk; igtraice I8N biaes ahisocsiticaish
thaf @RiS@OREcaA &y Reslagiiemia aautlitbutes Henriialsho cldripepais | (el fuMeiab 2@l LBS, idd@Rd
syslefi6 . Bild®mation. Other animal models of sepsis have demonstrated the down-regulation of GCR-a and/or a
6 TR B HBHANG, - BABERR OE G SRALEPE SIS, F: Rink, J:; Bt ioRjng puncture
(CLRS UGG  BRY PUSTCRIA cRERTS POLels A ERREY 1Yf'AhiBrarNA 1 4RGeS TR BYHRSR ot the
IndyliRR e e PrAHsRL. BRE®IT R MSa"Y09%, Yo KA A4>CR and dexamethasone binding

were not affected; however, DNA binding was affected. Hence, the authors suggested that the initial augmented

6ECRYUELE Ry La38HGRe HrfesRANUSNEE MyvakfiiRYoFen AR AN I eP&P IR SELRLTULISES 1ater in the
disGHUEOGARICRI [GLFIaRRE ARARRGHIES HIC SN RISSSIAN QL QO BRI ISRIQLESS BER RIR: mRNA
expPEOSBRANYGHRRG LAY AHREB R thRXPELUPRAA AR Elifae @l RO L8pdc aff @ models.

65. Molijn, G.J.; Koper, J.W.; van Uf_felen, C.J; de Jong, F.H.; B_rink_mann, A.O; Bruining, H.A.;
MoptibaR S ER) SHeRp Snxt PR FRtieRed ctiRe! RGURRIG, BrificiliagrbMitdareadptor R phisnerle

of GCR. The data from these studies suggest the existence of glucocorticoid resistance, especially in sepsis. More
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speolticedyn ongapidte patieniso @yte dopiideh tseaibese pais ads e phie shaclof GhiRk-Exg oetibl.id 965, 48wn-
regill@eePOBR-a and limited the anti-inflammatory effects of glucocorticoids, prompting the authors to propose that
id treat ight te.GC resist [ tients with i d levels of GCR- NA 63l Th

B B G R bR B s AR ; 1Bt Teta, & AT GeT S I AP ament of ¢
i f.GCR-B i ipheral I lls of .septi j and_the .effect of f ti
RIS R0t B e TRt iR eto G pA iRt R Y Wit St H LR r T SnoRR, septe
patiler%ts on GCR expr saioE and%ﬁcgcgrtiggid sensitivity in cultured immune cells, has also been evaluated 64, A

ed. Exp. , 3, 99.

ntensive Care
transient increase in GCR-B mRNA expression was observed in sepsis, while septic patients’ sera induced

Bfiubdcdrichit, Msistihck-idante 2641HBREEsel | SCR-BUKRGYAE HIHGRSRHIGRIGRASRIT RSRICSRIMhalBar
leuéBEES HanSRHRIMIC B8R Sl ah MUK IR QY SERsHE M. ARYRENQludPtaditdd188REQsform

6 USRS ISRrER Y BSteR dEayaRR4 e Ve LM RN BER, 83th BPBhESRRIMAMNBISEBUOMEGR] Tiness,
findiag dpHYFS HGRENDIRIEI Sl Bk BF Befticareriohin wapers istimbedt pitddvanis™) dosepls shipskoBgR-a

expression was increased in T-lymphocytes, regardless of glucocorticoid treatment, while the GCR binding
6§ap\a/1%ﬁ9av§/aé< 'r‘elgl"ilée%"i? enréﬁgglﬁﬁilé'bpg%rcrggor} |(%i|d—'tzréa§e%a%)gﬁgrlwlfs!z'Su%geus 91‘3’ Q'hérRBS‘FQ | lrJés}f)'dnse to
Psarra, K.; Bgtoula E.. Tsa(%a{akig S.;etal Incrﬁﬁ';\sed qhucoco(;ticoid receptor. ex ression in
rucoids sin S are ominant-circulating

exogenous’ or'endogenous ‘gluco SINCe neutropni e pre _ | eucocyte In septic
shodRREHS (778 PLEShIR, Repli S8Rk BRAIBINS: UGS 1 AL SU HSALARL L Fexprialed Witk iFs s fsor

IevcgpsogﬁgHtgebQit(:eQErl\\//i(\?ocr:sarﬁol\r/é%g/'erl,E ﬁpé ge(z)p]ﬁ?:’ deti:engts exhibited upregulated plasma cortisol levels along with

TnvBietgiglaed Fleihelereregieln Ceriptiets] Boowrerion@:Ear Gellb (@M< .cdnphres. ioRookivianmhereas
GCBreairedTheSehpeiitadrin $2.cthe . rbboesh S&Ray oguhssipncutteticsidite tetemlevd|sfinritically il
paterntallgddsiatienthicie petientd iteveippeoiape R0l B8 istdB-e14€quiring higher doses of glucocorticoids.
On the other hand, one study showed that, despite variation, the GCR number and affinity in. mononuclear cells

71. Vassiliou, A.G.; Floros, G.; Jahaj, E.; Stamogiannos, G.; Gennimata, S.; Vassiliadi, D.A.; _
from patients, during_the hemodynamic compensa org Ij:ghase of sepsis did not differ from control subjects,
Tsa%;arakls, S.; Tzanela, M. llias, I.; Orfanos, S.E.; et al. Decreased glucocorticoid receptor
suggesting _thatdglu_cocort_lqmds_ could be effective in the hemodynamic comé)ensatory phase of sepsis [©8l,
expression urlngI critical iliness. Eur. J. Clin. Investig. 2019, 49, e13073. _
Increased GCR-a mRNA and protein expression were shown in the acute phase of sepsis compared to systemic

TiaflMassHiny résfon A IFRBANOSIHS); daddjedityBaipiélas Empilangsn&GreMassHiagifdp &odbasus. ssteroid
adnibagiR st ShisTaageladMn ehdaniosy Snbvettiakd-ongituginal fieatdatiosrafsatleperticatre prpmtod
leva@lphatbela sxmpsinriantdrsignalbne: asnireridiag] funetiemanstaydakisrse aditigalyitlistaiid.
FinfIge featiamiferd gloGie bhbne® ChnoboR P2 pRehLIcERGRfls (PMNs) from critically ill patients who had not

75CTUBH RIS ARPISYRR A MDA RLRIE RPIPSIPUEE PeRE ¥ FLRRBRNA AR M PRRSSINLFES's of
botty /SRR PILEGANAG AN 'TY LSRG Lichd! thecPAPHP AL BE GOFRABNRSY eftdeaismiBLSaMPIRy e
MR s RER ]I 0L BB R A SRy P VT datIE 358G D IR SidPrRCE BB Bk PRSI tien ©f
both IGfRUNA YRS e BBERIVRHEMIOIS: A WA s KRS HRIAN 1 R6 3 AREISHbA AT T USELIRRY !
agrg@idlmg&r&gnrgaﬁtﬁzf’r%’ttfﬁa%%g studies. More specifically, Téblick and co-workers quantified the gene

expression of key regulators of local glucocorticoid action, including 11p3-HSD1, GCR-a, GCR-3, FKBP51, and

7é r&,”ﬂ%idﬂ&iﬁﬁ (€ rbem—ainldi%slaels%p’%é g’&ﬁ@&?&@&oﬁe@ v@@%‘é@l&@é@ %Qs@&u&??ﬁétm%on of
criti R CARLQE Variagh GdndeidS AURBAGHVE hERSSRONSE A8RipIAIdS R 48241 P vwit8 <tffricantly
MHDiais,ﬁﬂWPMEtdﬂlRﬁ%yﬁAaﬂ?ﬁﬁi,'qﬂ&’.‘,tQJ%@fa’[ﬂhd?@Bﬂ@; B%@W.@E@@@ée%?ﬁ%ﬁ?@ Wefrefgund: in the
patigye cRONRCYiRG e BKER %&M@&s‘i@ﬁﬁ%ﬁﬁﬁ’e igllﬁ%dﬁﬂﬁ'@él@eﬁe@@ﬁtéﬁaﬁéﬁ‘m iRIABSSHitH Risy neutrophils,

wheyaaschioRt’. Esdingrisciabie. In3besBpLc griignts, increased systemic glucocorticoid availability in most

tissues was related to suppressed GCR-a, increased FKBP51, and unaltered GILZ. Only in the lung, and the

76 .Indxk, J.A.; Candido-Vitto, C.; Wolf, I.M.; Venkataraman, S.: Munoz, |3 Sallafdlno R.rA.; Witchel

adjacent diaphragm and adipose tissues, Were increased circulating gfucocorticoid fevels found to ledd to a higher
S.F.; Defranco, D.B. Reduced glucocorticoid receptor protein expression in children with critica
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GCillnesstiitp . Res, Racalidtor? Pddpog8d 169+ 8daptations to critical illness that occur in specific tissues,
f‘??’%ﬂ%%%%glt'?%Féfﬂ%&%%‘#fé?ﬁ%a%aﬂhow&?aé' Sl HeBEpEE ARSI b AL 5L
tissuF% ir,Ecu inq"n&l{crlo ils. gh{ﬂlé%ho tri%ri&caarleillwesa, ggﬁsaitg)ne\ﬁ%%@gikﬂtgd in neutrophils, possibly due to
sup%resgiclnﬁao%/GCR—& er><eprr]éssﬁ)n; th.us, g'Iucocorticoid. resistance could not be controlled by further increasing
1§uédelsti MeNavRRBIR). ArbseManehdd-Fo The sbisAcRrticgidrecrpiebane spdisabigyessb RRARHiCed
gluSEHSiGBIOEsiteliteCRHRIARY §ednetftvith glucocorticoids 731, Finally, a novel human GCR variant, G459V,
TINpied foly PRIaCIYRFRRRQSRSAWREN KB RIGHWER Nedrosarisone - MelifBedficaleia ASIAY Watdupse than 30
MeSiHRARD SeRNOKICAT LS ; FaBsfliadienPRCtastval GARIYasived ERRIRERY AOSERAREH ARy When
treqisahPiLIB GIRE STGRRANS RHATRICHINP NS SRR AR Bhided b tr s RISRGAR Roigatipficpiter the

respese tgg,trgg_%igﬁit\%qid treatment, which could explain the mitigated clinical response in sepsis 24,

80 ARPRABNPsyRIFAL VLS HEaePTticRdhGINCAsaHiCOI RRSCRIET (G SBERSPINREURFRASGH e ratio was
dedr@2RI QRSN AME e R embdit B RiMef d 3R haft Sortloly AR rmore, the expression of
82 Rl faEREteY. WiBnibg: AHGah 200, 7 PRIk, AndHTERIED Marhgxpiai, e iamaidyvipy: to
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suggested that the lower total and cytoplasmic receptor levels in critically ill children limit the GCR-mediated
response to exogenous glucocorticoid therapy. The undisturbed translocation indicated that residual receptors
B2 MG (EncATIR) LindNac kiR snfty 1> RUARNIY e Rl His A MGy QNG AL, IRFRORRI b Bents,
tnod DR 58510 9SSR LInRIC LE CeDLOn AREh 15, IRk AN SR S AP EBSC T EBUS AT HREYELS while
COVID-19 patients. Eur. J. Pharm. 2023, 943 1755 , : .
X-0_expre olfrelale WIILN 0 0. e\Ve Nd N a4 diferent pedld e NOCK 0NO
BedreyedBrudiiRsilleRey daRsdrRitiangusionysRowP448R: shock. Decreased GCR-a protein expression,

however, was found in septic shock patients with poor outcomes, especially those with increased cortisol levels 8],

3.3. GCR Expression in Severly and Critically Ill Patients with COVID-19

Data on COVID-19 and GCR are even more limited. Researchers' group demonstrated that critically ill COVID-19
patients exhibited increased GCR-a and GILZ mRNA expression, and elevated cortisol levels, compared to equally
severe non-COVID-19 critically ill patients /2. Researchers' results support the notion of the stimulation of the
endogenous cortisol response to SARS-CoV-2, providing an additional rationale for corticotherapy in critically ill
patients with COVID-19 that might, however, not be enough to prevent death [%. Single-cell RNA sequencing data
from the bronchoalveolar lavage fluid (BALF) of severe COVID-19 patients on corticosteroid treatment
demonstrated that alveolar macrophages, smooth muscle cells, and endothelial cells co-express GCR and IL-6.
GCR expression was decreased in severely ill COVID-19 patients compared to mild patients, prompting the
authors to suggest that this may be a reflection of the pathological down-regulation of this endogenous
immunomodulatory mechanism, which might be restored with corticosteroid therapy Y. Very recently, it was
demonstrated that in moderate-severe COVID-19 patients, GCR gene expression was significantly higher in those
patients responding to corticosteroid treatment compared to the non-responders. GCR isoforms and mutations did

not seem to correlate with the clinical response. Moreover, GILZ expression positively correlated with GCR
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expression. This study clarified the relationship between GCR expression and therapeutic responses to

corticosteroids 821,
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