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ABSTRACT

Sepsis has remained a high mortality rate worldwide. Endothelial
cell dysfunction is closely associated with the development of sepsis.
Hydrocortisone has potent immunological and antitoxic effects, and
thus it is frequently used in the treatment of septic shock. However,
it can also cause respiratory damage and death by anaphylaxis. In
recent years, the combination of hydrocortisone and other drugs
such as vitamin C and thiamine has achieved promising outcomes in
refractory septic shock. The present review focuses on the
therapeutic effects of hydrocortisone in sepsis and summarizes the
mechanisms by which hydrocortisone acted on the vascular
endothelial cells. We highlighted the effect of hydrocortisone on
anti-apoptosis, of vascular
functions, and anti-oxidative stress. We also pointed out that the
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mechanisms by which the combination therapy with other drugs
enhances the effects of hydrocortisone are still unclear and need to
be clarified to determine the benefit of the treatment of sepsis.

reduce their quality of life [4]. The regulatory
mechanism of infllmmation caused by the
infection is not fully understood, which

remains the central issue of sepsis.

1. Introduction

Sepsis is a life-threatening organ
dysfunction caused by a dysregulated host
response to infection [1]. To date, the annual
incidence of sepsis remains high worldwide. In
2017, there were approximately 48.9 million
cases of sepsis worldwide, and approximately
11 million sepsis-related deaths, accounting
for 19.7% of all deaths that year, with more septic shock, the host's immune system

thap half of sepsis occurring in .children, triggers an inflammatory cascade that damages
mainly newborns [2]. Although sepsis-related 1o~ yascular  endothelium, leading  to

investigations in developing countries have microvascular damage and capillary leakage.

Septic shock is a subset of sepsis with
potentially severe circulatory and
cellular/metabolic abnormalities that can
significantly increase mortality [1]. During

progressed in recent years, morbidity and
mortality rates remain generally higher than in

developed countries due to technical
limitations. In mainland China, sepsis is
diagnosed in approximately 33.6 % of
Intensive Care Unit (ICU) patients. The average
30-day mortality rate for sepsis is
approximately 29.5 % and the overall
mortality rate for septic shock s

approximately 37.3 %, higher than in Europe,
North America, and Australia [3]. Many sepsis
survivors suffer from sequelae that severely

This dysfunctional response can lead to an
imbalance  between  pro- and  anti-
inflammatory mediators, further promoting
the release of cytokines [5].

Hydrocortisone is a short-acting
glucocorticoid synthesized by the fascicular
zone of the adrenal cortex and is used to treat
patients with septic shock. Hydrocortisone
(10 mg/h) reduces the level of TNF-a in
patients with septic shock [6]. Hydrocortisone
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(50 mg/6h) can consistently improve
microcirculation and reduce mortality in
patients with septic shock [7]. However, it has
also been reported that the wuse of
hydrocortisone alone in the treatment of
septic shock may lead to aggravated
symptoms [8]. The combination of
hydrocortisone with other drugs such as
hydrocortisone, vitamin C and thiamine (HAT)
may eliminate the adverse effects of
hydrocortisone, which may be related to the
activation of the hypothalamic-pituitary-
adrenal axis (HPA axis) [9].

The addition of mineralocorticoids to
glucocorticoids may be beneficial in reducing
mortality and improving hemodynamics, but
the probability of hyperglycemia and viral
infection was higher [10]. In the sepsis model
induced by cecal ligation and puncture, HAT
treatment reduced renal oxidative stress and
injury in the P-Die group [11]. However, it has
also been reported that intravenous injection
of HAT did not improve the 90-day mortality
compared to hydrocortisone alone [12].

Although hydrocortisone has been widely
used to treat septic shock with other drugs,
there are still conflicting viewpoints on the
efficacy of combination therapy. This paper
reviews the research progress on the
therapeutic effect and mechanism of
hydrocortisone (Table 1) in the treatment of
sepsis by searching the papers in PubMed
over the past two decades (Figure 1).
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Fig. 1. The effect of hydrocortisone on vascular
endothelial cells.
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Table 1. Mechanism of hydrocortisone in the
treatment of sepsis

Effect Mechanism Reference
Inhibit the release of
Anti- inflammatory cytokines 110.13]
inflammation Inhibit lipoxins induced by [14,15]
inflammatory cytokines —
Inhibit apoptosis induced by [16]
. . TNF-a or LPS -
Anti-apoptosis -
Promote apoptosis via [17]
bestrophin-3 -
Inhibit NO via suppressing [18]
the iNOS -
Reduce NO via suppressing
the eNOS 19 20]
Improve vascular Increase paracellular
; : [21, 22]
function tightness
lncrease/re.:dt.lce (23, 24]
vasoconstriction
Prevent the shedding of the [25]
glycocalyx =
Anti-oxidative Protects mitochondria from [5, 26]
stress oxidative stress =
2. Anti-inflammation
Hydrocortisone inhibits the levels of

eosinophils, phospholipase A, IL-6 and IL-8 in
the blood of patients with sepsis, reduces the
expression of monocyte human leukocyte
antigen-DR (mHLA-DR) in monocytes, and
enhances the phagocytosis by monocytes [13].
Also, hydrocortisone can inhibit the release of
IL-6 induced by lipopolysaccharide (LPS) in
human dermal microvascular endothelial cells
(HDMEC) [27]. Hydrocortisone (100 pg/ml)
can inhibit levels of IL-8 and CXCL1 induced
by Adenosine-5'-triphosphate yS (ATPyS)[28].

Hydrocortisone inhibited the
cyclooxygenase (COX) and production of
lipoxins such as DiHOMEs and TriHOMEs
induced by tumour necrosis factor-a (TNF-a)
and IL-1f in EAhy.926 vascular endothelial
cells [14]. Hydrocortisone (300 ng/mL)
inhibited the expression of ICAM-1 and VCAM-
1 induced by interferon-y (IFN-y, 200 U/ml),
IL-18 (1 ng/ml) or TNF-a (1 ng/ml) for 24 h in
human umbilical vein endothelial cell
(HUVECs) [15].

The combination of hydrocortisone and
fludrocortisone attenuated inflammation in
various organs by inhibiting nuclear factor-xB
(NF-xB) activation and reducing the
expression of TNF-a in endothelial
aldosterone receptors [10]. The combination
of vitamin C and hydrocortisone reduced the
activation of NF-kB, enhanced the function of
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adrenergic receptors and reduced the release
of proinflammatory mediators [5].

Thus, hydrocortisone inhibits the
recruitment of leukocytes, the production of
inflammatory cytokines, the lipoxins induced
by inflammatory cytokines. The combination
therapy of hydrocortisone with vitamin
C/fludrocortisone inhibits NF-kB activation,
and thus reducing the release of
proinflammatory mediators.

3. Anti-apoptosis

Hydrocortisone can inhibit TNF-a- or LPS-
induced apoptosis in bovine glomerular
endothelial cells [29]. Hydrocortisone inhibits
the apoptosis induced by the anti-tumor drug
Cytosine arabinoside in bovine pulmonary
artery endothelial cells (BPAECs)[16].

However, in human microvascular
endothelial cells (HMECs), hydrocortisone can
inhibit the expression of bestrophin-3 and
promote cell apoptosis, which was weakened
by vitamin C via upregulation of vitelliform
macular protein 3 [17].

The reported effect of hydrocortisone on
apoptosis is inconsistent, but evidence
supports that vitamin C could aid in
preventing apoptosis.

3. Improve vascular function
3.1. Nitric oxide (NO)

Hydrocortisone can inhibit the LPS-
induced overproduction of NO in porcine
aortic endothelial cells by suppressing the
inducible nitric oxide synthase (iNOS) activity,
which may alleviate the hypotension after
shock via inhibiting the pathological
vasodilatation[18].

Hydrocortisone (1 nM-10 uM) inhibited
ATP-induced Caz + mobilization in bovine
coronary artery endothelial cells (BCAECs) in
a concentration-dependent manner and
reduced NO release via inhibition of
endothelial nitric oxide synthase (eNOS)
expression [19, 20]. Hydrocortisone (2 mM)
could also inhibit the increase of eNOS and the
production of NO induced by Estradiol (0.1
nM) for 24 h in HUVECs [30].
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Thus, hydrocortisone could inhibit both
eNOS and iNOS in endothelial cells, which
might cause organ damage.

3.2. Cell junction

Hydrocortisone can increase paracellular
tightness via inhibition of MMP-9 and
elevation of claudin-5, protecting brain injury
[21, 22]. The barrier properties of brain
microvascular endothelial cells could be
further enhanced by the addition of
puromycin [31]. Also, hydrocortisone can
increase VE-cadherin and thus reduces
vascular permeability in endothelial cells
[32].

Hydrocortisone may also maintain vascular
permeability via vascular smooth muscle
tension [23]. Aldosterone receptors play a
critical role in regulating vascular tone.
Hydrocortisone alleviates phenylephrine
(PE)-induced vasoconstriction via inhibiting
aldosterone receptors in septic rats [24].

However, it was demonstrated that low-
dose hydrocortisone (3x10(-10) to 3x10(-9)
mol/L) aggravates the deleterious effect on
vascular permeability and disruption of
adherens and tight junctions in HUVECs [33].

3.3. Vascular endothelial glycocalyx

Endothelial glycocalyx maintains the
normal structure and function of endothelial
cells [34]. In rats after cardiac arrest-
cardiopulmonary resuscitation for 8 minutes,
the blood-brain barrier was destroyed and the
glycocalyx was damaged, which was inhibited
by hydrocortisone [21]. Also, hydrocortisone
maintains coronary permeability at
physiological levels by protecting the
endothelial glycocalyx [35].

Moreover, hydrocortisone prevents mast
cell activation and release of inflammatory
mediators such as histamine during cardiac
ischemia-reperfusion injury and may protect
vascular  endothelial  glycocalyx  [36].
Hydrocortisone (10 pg/ml) can prevent the
shedding of endothelial glycocalyx induced by
TNF-a [25]. The level of TNF-a in the plasma
of patients with sepsis is negatively correlated
with miR-150 [37]. Hydrocortisone may
protect endothelial cells by inhibiting TNF-a
and increasing miR-150.
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4. Anti-oxidative stress

It was suggested a synergistic effect of
hydrocortisone and vitamin C in the treatment
of sepsis [5, 26]. Vitamin C and HAT scavenge
superoxide radicals (02) and inhibit the
activation of xanthine oxidase and NADPH
oxidase. Vitamin C protects mitochondria
from oxidative stress, and restores the eNOS
activity  and improves the eNOS
bioavailability. Vitamin C clears peroxynitrite
(ONOQO-), preventing endothelial tight junction
loosening [5, 26].

5. Discussion

Hydrocortisone is used in combination with
other drugs to prevent septic shock.
Fludrocortisone has a direct rather than an
adjuvant effect on the vasculature [24]. The
combination of HAT and hydrocortisone
improvise anti-inflammatory, anti-apoptosis
and anti-mitochondrial injury in patients with
septic shock. However, the mechanism by
which the addition of fludrocortisone or HAT
improves the treatment by hydrocortisone and
the effectiveness of the combination therapy is
challenged. The combination of
hydrocortisone and fludrocortisone reduced
the mortality of septic shock patients, but
hyperglycemia was more common [10]. How
to maximize the auxiliary effect of these drugs
in septic shock remains unresolved.

During sepsis, the vascular tone was
reduced and hemodynamics was changed [38].
Fluid shear stress (10 dyn/cm?) can activate
glucocorticoid receptor (GR) in vascular
endothelial cells, make GR translocate into the
nucleus and activate the GR transcription
signaling pathway [39]. Our previous study
also showed that fluid shear stress (15
dyn/cm2) promotes NO release from vascular
endothelial cells, which is mediated by
glycocalyx [40]. However, long-term high-dose
(> 50 mg) use of hydrocortisone can lead to
glucocorticoid-induced diabetes mellitus (GI-
DM) and glucocorticoid resistance syndrome,
resulting in impaired NO production. Attention
should be paid to the role of fluid shear stress
in sepsis and related signaling pathways such
as GR and endothelial glycocalyx.
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6. Conclusion

Studies have shown that hydrocortisone
functions on an anti-inflammatory for sepsis.
Conflicting effects of hydrocortisone in anti-
apoptosis and protection of vascular functions
were present, which was improved by the
combination therapy with other drugs such as
vitamin C and thiamine. Oxidative stress was
also ameliorated by combination therapy. The
adverse effect of combination therapy was also
presented. The mechanisms underlying the
combination therapy need to be further
clarified. An appropriate combination of drugs
might be sought to ameliorate the vascular
endothelium damage.
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