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Hydrocortisone-modulated Immune Response and Altered
Amino Acid Pool in Vitro

Peter N. Uchakin®®, Scott M. Smith®, Olga N. Uchakina®

Abstract

Background: Dietary deficiencies, from macro- to micronutrients,
are often associated with dysfunction of the immune system. The
aim for this study was to assess changes in amino acid metabolism
and immune response in a modeled “stress” environment.

Methods: Heparinized blood samples from healthy donors were
collected by venipuncture. Peripheral blood mononuclear cells
were isolated and then incubated with a mixture of LPS and PHA in
RPMI-1640 medium. Cell cultures were treated with hydrocortisone
at physiological (10®* M) and “stress” (10® M) concentrations.
Surface expression of CD25 by the CD3" lymphocytes was
analyzed by flow cytometry. Levels of the cytokines IL-2, IFN-y,
IL-4, and IL-10 were measured with ELISA. Quantification of
IL-2- and IFN-y- secreting T cells was performed in cell cultures
treated with PMA, ionomycin, and brefeldin A.

Results: The number of CD3*CD25" cells was significantly lower
in cultures treated with 10 M of hydrocortisone than in control
cultures. Treatment of cell cultures with 10* M hydrocortisone
significantly increased levels of IFN-y and IL-10, but not IL-2
and IL-4. Treatment with 10 M of hydrocortisone significantly
suppressed secretion of all studied cytokines. Treatment with
10 M hydrocortisone produced a consistent unidirectional
effect on amino acids in the supernatant medium: increased
concentrations of almost all amino acids. Treatment with 10° M
hydrocortisone significantly decreased the level of asparagine
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while it increased levels of serine and tyrosine compared to
control cultures.

Conclusions: Data suggest that the stress-dose of cortisol modulated
amino acid metabolism in mitogen-stimulated immunocompetent
cells in vitro. Also, observed differences in amino acid
concentrations between cultures suggest that supplementation with
low doses of endocrine mediators may create a more physiological
environment for culturing PBMCs.
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Introduction

Dietary deficiencies, from macro- to micronutrients, are
often associated with dysfunction of the immune system.
Leukocytes, lymphocytes, and all lymphocyte subset counts
were lower in subjects with hypocaloric diets than in con-
trols [1]. Malnutrition resulted in a shift in the ratio between
naive and memory T-cell subsets in mice [2] compared to
eucaloric controls. In contrast, dietary supplementation with
omega-3 polyunsaturated fatty acids led to activation of im-
mune responsiveness, as they activated gene expression of
interferon (IFN)-y and interleukin (IL)-12 in mice infected
with live Listeria monocytogenes [3].

The role of amino acids in nominal function of any phys-
iological system cannot be overstated. The role of several
amino acids (such as arginine, cysteine, ornithine, serine,
and histidine) in immune mechanisms is well documented
[4-13]. Close interactions between amino acid metabolism,
the endocrine system, and the immune stress response have
been demonstrated in vitro, in animal models, and in clini-
cal studies, including studies with burn patients and septi-
cemia patients. Animal studies demonstrated alterations in
amino acid metabolism in response to mitogenic challenges.
Arginine supplementation increased mitogen-induced pro-
liferation of mouse splenocytes [14]. In a pig model, intra-
muscular lipopolysaccharide (LPS) administration resulted
in significant increases in plasma concentrations of alanine,
cystine, glycine, hydroxyproline, phenylalanine, and serine,
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but decreases in the levels of glutamine, isoleucine, leucine,
threonine, and tyrosine [15]. Activation of porcine lympho-
cytes with phytohemagglutinin (PHA) accelerated Na'-de-
pendent uptake of the amino acids proline and methionine
[16]. Dietary supplementation with arginine, glutamine, cys-
teine, and taurine enhanced immune responsiveness among
critically ill patients (reviewed in [17]) and glutamine recov-
ered immune suppression in pigs infected with Escherichia
coli [18].

In human trials, it has been shown that parenteral
nutrition with glutamine dipeptide had beneficial effects
on the immune response in post-surgical patients [19].
Six months of nutritional supplementation significantly
increased the percentage of mature T cells in peripheral
blood of elderly subjects [20]. The rates of uptake of cat-
ionic amino acids were increased in cells from patients
with septic shock [21]. Glutamine supplementation at-
tenuated the immunosuppression and decreased the rate
of infection in burn patients [22].

The hypothalamic-pituitary-adrenal (HPA) axis [23-
26], and especially corticosteroids, appear to be a significant
factor in homeostatic regulation of the immune response to
stress. Lower mitogen-induced production of IL-2 and re-
duced lymphocyte sensitivity to glucocorticoids were as-
sociated with greater concentrations of salivary cortisol in
caregivers than in non-caregivers [27]. Negative correla-
tions were observed between urinary cortisol levels and the
percentages of several T-cell subsets after dexamethasone
treatment [28]. Changes in the sensitivity of lymphocytes to
glucocorticoids were observed in septic shock patients [29].
Additionally, it was found that hydrocortisone and dexa-
methasone can reactivate the Epstein-Barr virus genome in
latently infected lymphoblastoid cells [30].

These data strongly suggest a close connection between
immune and metabolic stress responses, but the details of
this relationship are yet to be clarified. The main objective of
this study was to aid in this clarification by assessing chang-
es in amino acid metabolism along with mitogen-stimulated
production of immune mediators and markers under normal
conditions as well as in an HPA axis-mediated “stress” envi-
ronment mimicked by hydrocortisone.

Materials and Methods
Subjects and samples

This study was approved by the Institutional Review Board
of Mercer University School of Medicine. Seven - to 10 - mL
blood samples from healthy donors (n = 9) were collected
by venipuncture into heparinized Vacutainer tubes (BD,
Franklin Lakes, NJ, USA). The blood was mixed with a
double volume of Hanks balanced salt solution, layered over
20 mL of Ficoll-Paque, and centrifuged to isolate peripheral
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blood mononuclear cells (PBMCs).
Cell cultures and assessment of immune responsiveness

Isolated PBMC:s at a final concentration of 1 x 10° cells/mL
were incubated with 10 pg/mL of LPS from Escherichia
coli 026:B6 and 5 pg/mL of PHA in RPMI-1640 medium
supplemented with L-glutamine (2 mmol/L) and gentamicin
sulfate (50 mg/mL) (Sigma, St. Louis, MO, USA) for up to
72 hours at 37 °C and 95% humidity. Surface expression of
IL-2 receptor a-subunit (CD25) by T cells was analyzed at 24
hours; secretion of IL-2, IFN-y, IL-4, and IL-10 by PBMCs
was measured at 48 hours; and lymphocyte proliferation was
assessed at 72 hours of incubation. Additional 4-hour cell
cultures in which PBMCs were activated with 25 ng/mL of
PMA, | pg/mL of ionomycin in the presence of 10 pg/mL of
brefeldin A were established to quantify T-cell subsets that
secrete IL-2 and IFN-y.

Quantification of CD3" T cells expressing surface CD25
was performed by direct immunofluorescence labeling
of cell surface CD3 receptor antigen with mouse anti-
human monoclonal antibodies conjugated to fluorescein
isothiocyanate (FITC), phycoerythrin (PE), and peridinin
chlorophyll protein (PerCP) (BD, Franklin Lakes, NI,
USA), using procedures recommended by BD. Thresholds
for CD25" cell enumeration were set using isotype control
antibodies. PerCP-labeled anti-CD4 or anti-CD8 monoclonal
antibodies were used for quantification of the cytokine-
producing T-cell subsets. PBMCs were permeabilized and
labeled with a mixture of PE-conjugated anti-IL-2 and FITC-
conjugated anti-IFN-y mAbs according to the procedure
recommended by BD. Samples were analyzed on an EPICS®
XL flow cytometer (Beckman Coulter, Brea, CA, USA).

The concentrations of IL-2, IFN-y, IL-4, and IL-10 were
assayed in the cell cultures with commercial enzyme-linked
immunosorbent assay (ELISA) kits (R&D Systems, Min-
neapolis, MN, USA) and read on the Multiscan MS Plate
Reader (Labsystems, Helsinki, Finland) according to the
manufacturer’s recommendations.

Cortisol modulation of immune responsiveness

Cell cultures were treated with the water-soluble hormone
hydrocortisone (HCS) (Sigma, St. Louis, MO) at concentra-
tions of 10 M (HCS-8) and 10° M (HCS-6) to study effects
of the HPA axis on the immune stress response in vitro. The
10° M concentration reflects plasma cortisol concentrations
documented in runners after exposure to the physical stress
of running a marathon [31], as well as after the i.v. injection
of Solucortef (hydrocortisone Na succinate) to mimic the en-
docrine HPA stress response in healthy volunteers [32]. The
10® M concentration of HCS reflects physiological levels of
unbound plasma cortisol in resting healthy individuals [33,
34].
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Figure 1. Effect of 10 M and 10® M hydrocortisone (HCS-8 and
HCS-6, correspondingly) on the number of CD3*CD25* cells
in 24-hour cell cultures stimulated with a PHA + LPS mixture
for 24 hours. Values are means = S.E.M. a: Significantly (P <
0.05) different from control (CTRL).

Assessment of amino acids and their metabolites

Amino acid analysis of the samples of cell culture medium
was performed using a Hitachi L-8800 amino acid analyz-
er, as described previously [35]. This instrument uses ion-
exchange chromatography with post-column ninhydrin de-
rivatization and visible colorimetric detection to allow the
analysis of amino acids in a variety of physiological sam-
ples. The samples were prepared for amino acid analysis by
precipitating protein with a solution of sulfosalicylic acid
(SERAPREP™). The protein-free filtrate was adjusted to
a pH of 2.2 and then placed in a refrigerated sample tray.

Depending on their dissociation characteristics, the amino
acids are differentially eluted from the column with a series
of lithium buffers of increasing pH and ionic strength, and
further positioned by increasing the column temperature dur-
ing the run. Ninhydrin, mixed continuously with the column
eluent, reacts in a highly specific manner with the separated
amines to form colored products, the intensity of which is
proportional to the concentration of the amino acid present.
The 148-minute method used with the Hitachi L-8800 amino
acid analyzer allows the quantification of up to 44 identifi-
able compounds, which represent the free amino acid pool.

Statistical analysis

Data were analyzed using SigmaStat statistical software
(Systat Software Inc., Point Richmond, CA, USA). The Kol-
mogorov-Smirnov test was used to determine normality of
the data. Within-subject ANOVA with All Pairwise Multiple
Comparison Procedures (Holm-Sidak method), and Fried-
man RM ANOVA on ranks were used to compare results
from the different cell cultures. A value of P < 0.05 was con-
sidered significant.

Results

The number of T lymphocytes expressing the IL-2
receptor a-subunit (CD25) after LPS + PHA challenge was
significantly lower in cultures treated with HCS-6 than in
control cultures, but the difference was not significant for
cultures treated with 10®* M hydrocortisone (Fig. 1).

No noteworthy changes occurred in the number of
cytokine-secreting T-cell subsets in cell cultures activated
with PMA + ionomycin in response to treatment with either
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Figure 2. Effects of 10 M and 10®* M hydrocortisone (HCS-8 and HCS-6, correspondingly) on cytokine secretion in
24-hour cell cultures stimulated with a PHA + LPS mixture. Values are means + S.E.M. a: significantly different (P <
0.05) from CTRL culture. b: significant difference (P < 0.05) between HCS-8 and HCS-6 cultures.
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Figure 3. Effect of 10® M and 10 M hydrocortisone (HCS-8 and HCS-6, correspondingly) on the concentration of
essential (A) and nonessential (B) amino acids in 24-hour cell cultures stimulated with a PHA + LPS mixture. Values
are means = S.E.M. Data are presented in comparison with the baseline (BASE) concentration measured in cell
cultures before incubation. *, **, *** Statistically significant differences (P < 0.05) between cultures. *Significantly dif-
ferent from BASE; a: significantly different from CTRL; b: significant difference between HCS-8 and HCS-6 cultures.

dose of hydrocortisone (data not shown). An increase of
borderline statistical significance (P = 0.048) in the numbers
of IL-2-secreting CD4* lymphocytes occurred in the cell
culture treated with 10-* M hydrocortisone.

Treatment of cell cultures with 10®* M hydrocortisone
significantly increased secretion of IFN-y and IL-10, but not
IL-2 and IL-4 (Fig. 2). Secretion of all studied cytokines was
significantly suppressed by the “stress” concentration (10
M) of hydrocortisone compared to control cultures (Fig. 2).

Culture of PBMCs with hydrocortisone affected the
concentration of the majority of the studied amino acids and
their metabolites compared to their basal level in the culture
medium. Exceptions were observed only for aspartic acid,
histidine, lysine, valine (Fig. 3), and urea (data not shown).
The power of the statistical analysis, with o = 0.05, exceeded
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0.8 for this computation for the majority of amino acids, the
only exceptions being lysine and threonine, for which it was
0.75 and 0.64, respectively.

Treatment of cell cultures with 10® M hydrocortisone
produced a consistent unidirectional effect, with increased
concentrations, compared to controls, of almost all amino
acids in the supernatant medium. However, a statistically
significant effect of this concentration was documented only
for cysteine, glycine, serine, tyrosine, histidine, isoleucine,
leucine, lysine, ornithine, and valine (Fig. 3A, B). Treatment
with the stress dose of hydrocortisone significantly decreased
the level of asparagine while increasing the levels of serine
and tyrosine compared to controls. Also, statistically
significant differences between HCS-8 and HCS-6 cultures
were observed in the concentrations of alanine, glutamic
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acid, glycine, tyrosine, histidine, isoleucine, leucine, and
tryptophan.

Discussion

Data collected in this study demonstrate that the cortisol-me-
diated stress response is able to affect the immune response
to mitogen challenge in vitro, both quantitatively and quali-
tatively. A decrease in the number of mitogen-responsive T
lymphocytes as well as downregulation of cytokine secre-
tion can be considered immunosuppressive. Simultaneously
we observed significant changes in amino acid metabolism
in cell cultures of mitogen-stimulated immunocytes. It is
important to note that all of the immune function variables
studied (such as CD25 expression and cytokine secretion)
depend on protein synthesis, and thus require gene activation
with consequent translation and transduction.

A substantial body of literature supports the notion that
most stress-induced immune reactions are mediated by neu-
roendocrine mechanisms, and cortisol is one of the most
common candidates for stress mediators in immune altera-
tions. In general, cortisol is considered to be an immunosup-
pressive agent. However, it is important to consider that cor-
tisol exhibits its immunosuppressive and anti-inflammatory
properties only in the higher physiological (and/or pharma-
cological) doses. In the present study, we used 10 M hydro-
cortisone to mimic the HPA stress response with consequent
release of cortisol. Similar concentrations were observed in
the plasma samples of runners after they had completed a
marathon [31]. In our previous studies [36], we used this
concentration as a test model to show changes in the sensi-
tivity of immunocompetent cells to endogenous cortisol in
humans subjected to a stressful environment. Also, similar
concentrations were used previously to demonstrate immu-
nomodulatory effects of corticosteroids in vitro [36-40]. In-
deed, in the present study, the “stress level” (10 M) of HCS
significantly suppressed cytokine secretion and decreased
the number of T cells expressing CD25 receptor. The finding
that the number of cytokine-secreting T-lymphocyte subsets
exhibited no response to the hydrocortisone treatment could
be attributed to the specificity of the pathway of activation
by the PMA + ionomycin mixture. In a parallel study, we
found significant (over 30%) suppression of *H-thymidine
uptake in cell cultures treated with the stress dose of hydro-
cortisone and activated by LPS + PHA but not in those ac-
tivated by PMA + ionomycin (data not shown). The PMA +
ionomycin mixture is a very potent activator that may lead to
the release of very high concentrations of cytokines IL-2 and
IFN-y by lymphocytes [41]. Thus, the doses of hydrocorti-
sone that were used in this study may not have been suffi-
cient to significantly affect the number of cytokine-secreting
T-cell subsets in our setting. Also, shorter duration of the cell
culture could be another factor in the observed “nonrespon-
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siveness” by the cytokine-secreting T lymphocytes to 10 M
hydrocortisone.

The lower concentration of hydrocortisone used in this
study (10® M) reflects the physiological level of unbound
cortisol in plasma [33, 34]. As such, it represents a more
physiological in vitro environment than the unsupplemented
CTRL culture. Treatment of PBMCs with 10% M
hydrocortisone significantly increased secretion of IFN-y
and IL-10, and increased the number of T cells producing
IL-2 and IFN-y. These observations are consistent with a
number of previous findings. Specifically, Reid et al showed
that hydrocortisone at 10°® M and 107 M, but not at 10
M, increased bone resorption in neonatal mouse calvaria
[42]. Feinstein et al evaluated the effect of hydrocortisone
at doses of 10°-10° M on the IL-1-induced secretion of the
granulocyte-macrophage colony-stimulating factor (GM-
CSF) by primary human bronchial epithelial cells, and
demonstrated that hydrocortisone at a concentration 5 times
its physiological concentration (5.0 x 10 M) produced 50%
inhibition of GM-CSF secretion [33]. Also, HCS at 10 M
significantly increased both the protein and mRNA levels
of IL-1a in Pam 212 cells through the AP-1 and NF-«B
activation pathways [37, 40].

It appears that observed differences in results primarily
reflect different research models, and, perhaps more
importantly, regulatory properties of cortisol that depend
on physiological state. For example, while in most cases
a “stress” concentration of hydrocortisone causes immune
suppression, it has been demonstrated that hydrocortisone
at 10°M can significantly upregulate IL-2, 1L-4, IL-7, and
IL-13 receptor mRNAs in stimulated B lymphocytes in
vitro [43]. These results once again demonstrate multiple
functionality of cortisol and the importance of recognizing it
as an immunomodulatory rather than an immunosuppressive
agent. Moreover, it might explain why humoral immunity is
less suppressed by stress factors, than cell-mediated immune
reactions.

Evidence also exists that the adrenal stress response
can alter amino acid metabolism. Cortisol administration
upregulates enzymatic activities, which lead to production of
ornithine and proline from arginine, as well as the formation
of glutamate, alanine, aspartate, ornithine, citrulline, and
proline from glutamine in porcine enterocytes [44]. On the
other hand, in vitro study showed that preincubation of human
trophoblastic cells with cortisol significantly upregulated the
transfer rate of methyl amino isobutyric acid and increased
SNAT2 expression, which suggests that cortisol is able to
stimulate amino-acid transport system A on the molecular
level [39]. It is important to note that both of these processes
affect basic protein synthesis, such as cytokine production in
immunocompetent cells. Despite the fact that higher doses of
cortisol were used in these studies, these data and our findings
allow us to suggest that cortisol-mediated alterations in
amino acid metabolism and transmembrane transport can be
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significant mechanisms for regulation of the immune stress
response. Yet, it may also be possible that cortisol-mediated
alterations in cytokine production lead to altered anabolic
and/or catabolic mechanisms. Indeed, in the most recent
studies Jones et al demonstrated that even physiological
concentrations of the pro-inflammatory cytokines are able to
stimulate the activity of AA system A in vitro [45].

Conclusion

Mechanisms of observed changes need to be studied further.
Nevertheless, our data allow us to conclude that selected
amino acids (specifically availability of the Asn, Cys, Gly,
Ser, Tyr, Arg, Ile, Leu, and Met) may be important for the
adequate immune responsiveness in humans subjected to
a chronic stressful environment. Furthermore, considering
methodological differences our data are in accord with the
fact that the same amino acids were affected during bacterial
infection [15], while administration of some of them recovers
immune suppression [17, 18]. This allows us to speculate
that alteration of amino acid metabolism is the significant
(if not central) factor of the stress-induced secondary
immune deficiencies. Also, observed differences in amino
acid concentrations between CTRL and HCS-8 cultures
suggest that supplementation with low doses of endocrine
mediators such as cortisol may create a more physiological
environment for culturing PBMCs.
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