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LASH ON C. 'STURGIS
Mechanisms for the Dependency of Angiotensin II Hypertension on
lnterleukin-6
(Under the direction of MICHAEL W. BRANDS, PhD)

Angiotensin II (Ang II) is involved critically in the development and
maintenance of hypertension in both human and animal models. Ang II also is
known to stimulate interleukin 6 (IL-6) release, and a recent study by our
laboratory demonstrated that Ang II hypertension was attenuated in IL-6
knockout (KO) mice. These data suggest that IL-6 mediates part of the
hypertensive actions of Ang II. In addition, Ang II also stimulates production
and release of aldosterone, which also has hypertensive actions. Ang II also
stimulates the proinflammatory cytokine tumor necrosis factor-alpha (TNF-a.),
which can stimulate IL-6 secretion. Therefore, the aim of this project was to
determine whether the dependence of Ang II hypertension on 11-6 is du.e to a
direct link between Ang II and IL-6 or whether aldosterone and/or TNF-a. are
important intermediate factors. In separate studies, we determined whether
mineralocorticoid hypertension is IL-6 dependent, the role of IL-6 bioactivity
verses IL-6 plasma concentration, and the role of TNF-a. in Ang II
hypertension. Mineralocorticoid hypertension was induced by implanting a
deoxycorticosterone acetate (DOCA) pellet (1 g/Kg) subcutaneously and
giving all animals a solution of 1% sodium

chlorid~

(NaCI) and 0.2 %

potassium chloride (KCI) to dink for a 14 day experimental period. DOCA-salt
.

'

treatment increased the mean arterial pressure (MAP) similarly by -30 mm
. Hg in both the wr and IL-6 KO mice. However, DOCA-salt treatment did not
increase plasma IL-6 concentration in wildtype {WT) mice nor did it increase
. IL-6 bioavailability using a bioassay on day 14 of. treatment. There was,.
however, a transient increase in plasma IL-6 concentration and bioactivity on
day 7 of DOCA-salt treatment in the WT mice. Treating WT mice with Ang II
and the mineralocorticoid receptor antagonist, spironolactone, significantly
attenuated the Ang II mediated increase in plasma IL-6 concentration on day
7 and day 14 of treatment. Although we cannot explain why the IL-6 response
to DOCA was not sustained through 14 days, together these data suggest
that that aldosterone plays

a role in the increase in plasma IL-6 concentration

during Ang II hypertension. However the effect of IL-6 in mediating part of the
Ang II hypertension appears d_ue to an interaction with Ang 11-mediated effects
and not due to effects mediated by the mineralocorticoid receptor. Similarly,
Ang II increased MAP by -30 mm Hg in both the·wr a·nd TN F-a. KO mice by
day 14 of treatment. Moreover, which suggests that TN F-a. is not required for
Ang II hypertension, Ang II treatment did not increase plasma levels of TN F-a.
and TN F-a. infusion did not cause a sustained .increase in IL-6. These data
suggest that Ang II may work through an aldosterone, but not TNF-a.mediated, mechanism to increase plasma IL-6 concentration in Ang II
hypertension, but that the role of IL-6 in mediating Ang II hypertension is due
to interactions with Ang.ll receptor type 1 (AT1) dependent mechanisms on
target tissues.
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I. INTRODUCTION

A. Statement of the Problem
Our lab has shown that lnterleukin-6 (IL-6) knockout (KO) mice have
an attenuated hypertensive response to chronic angiotensin II (Ang II)
infusion (96, 97).

However the mechanism for the dependency of Ang II

hypertension on IL-6 has yet to be determined. It is known that Ang II is able
to stimulate increases in plasma IL-6 levels (97) and tissue tumor necrosis
factor-alpha (TNF-a.) levels (147). TNF-a, in turn, stimulates increases in IL-6
levels. One goal of this project is to determine the role of TN F-a. in mediating
the IL-6 response to Ang II.
Furthermore, Ang II also has a powerful effect to stimulate aldosterone
synthesis, and aldosterone, in addition to its hypertensive actions, also has
been reported to increase plasma IL-6 .levels (107). Thus, it is possible that
the role of IL-6 in Ang . 11-induced hypertension is due to the actions of
aldosterone on IL-6 levels.

A second goal of this study is to ·investigate

potential role of this mechanism.
Another important issue to resolve is that increases in plasma IL-6
concentration · do not always correspond to increases in IL-6 bioactivity.
There are two subunits to the IL-6 receptor (a. and ~): When soluble, the

1

a

2
subunit increases IL-6 bioactivity, while increasing the solubility of the 13
subunit decreases IL-6 bioactivity (118).

It has recently been shown that

infusing th~ 13 subunit into Ang II treated mice decreases the hypertensive
effect of Ang II infusion (28), .and increases in the a. subunit have been shown
to increase bioactivity independent of a change in plasma IL-6 concentration.
Therefore, a third goal of this project is to determine the link between plasma
IL-6 concentration and bioactivity in the models of DOCA-salt and Ang 11induced hypertension.

3

B. Cardiovascular Disease and Inflammation

.!

Despite the numerous findings and progress that has been

'

~ade in the

prevention and treatment of cardiovascular disease,· it remains the number
,•

one killer in the Western world (9, 186). The medical and disability expenses
related to cardiovascular disease are a tremendous economic burden. The
American Heart Association predicts that in 2007 Americans will spend over
$431.8 billion in related cost. This disease claims approximately 1.4 million
lives each year, which is an estimated 3.6.3% of the total deaths in The United
States each year, and almost twice as many as cancer.

. Therefore,

understanding the mechanisms for its initiation and progression remains an
area of priority in research today. One mechanism that has. emerged recently
with strong evidence for a potential role in cardiovascular
related
disease is
.
.
the effect of inflammatory mediators in hypertension (2, 5, 24, 81, 102, 153,
181, 195), cardiovascular disease (16, 25, 42, 55, 101, 116, 141, 178, 180),
atherothrombosis (86), heart failure (111, 114) and acute myocardial
infarction (14, 48, 163, 191 ).

a. Atherosclerosis and Inflammation
Inflammation is defined as a response to injury in which local cells
respond by releasing mediator that carry out the in inflammatory process. It is
now widely accepted that inflammation plays a significant role in the initiation
arid progression of atherosclerosis (22, 43). Atherosclerosis is a principal risk
factor for cor~nary artery disease, and is .one ·of the best characterized

4
vascular diseases with respect to the role of inflammation. Atherosclerotic
lesions develop from the adherence and subsequent transmigration . of
monocytes through the vascular endothelium 07). This process is mediated
by cellular adhesion molecules (CAM), which are produced by macrophages
and endothelial cells in response to inflammatory cytokines . such as
interleukin-1 (IL-1), TNF-a, and interferon-gamma (INF-y) (17, 32). The initial
rolling of inflammatory ·cells across the endothelial cells and platelets is
mediated by selectins, and IL-1 and TNF-a have been shown to initiate de
novo. synthesis of selectins (17). Selectins also play a role in the progression

of atherosclerosis.

Recent studies suggest that selectins are involved in

accumulation of macrophages and lymphocytes and their subsequent
attachment to the vascular endothelium (17).
TNF-a, IL-1 and interferon-y stimulate·· IL-6 production by vascular
·.
smooth muscle cells. IL-6 is the primary stimulus for C-reactive protein (CRP)
(65), which causes expression of cell adhesion molecules, · intercellular
adhesion
and. vascular cellular adhesion molecule.
. molecule-1 (ICAM-1),
.
1(VCAM-1), by endothelial cells (88, 103,- 104, .152). In addition,
CRP plays
~

a

role to mediate' and precede monocyte recruitment (103, 104, 133). These
cytokines and acute phase proteins· (APP), therefore, are involved in the
maturation of the atherosclerotic plaques. As the plaque matures a fibrous
cap and lipid core develop. A pro-inflammatory state has been shown to
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cause thinning of the fibrous cap and eventually rupturing of the plaque
occurs .. Rupture can then lead to an acute ischemic event, such as in a
myocardial infarction or a stroke.
. Vascular Wall inflammation has been shown to have a key role in the
pathogenesis of atherosclerosis and hypertension (65, 100, 133, 148). There
has been strong evidence suggesting that hypertension may promote
endothelial expression of cytokines and stimulation of inflammation (26).
Additionally, studies have linked inflammation to the initiation and progression
of cardiovascular disease (56, "100).

Inflammatory markers linked to

cardiovascular disease include CRP, IL-6, I-CAM, white blood cell count,
fibrinogen, serum amyloid A (SAA), IL-1 and TNF-a (3, 40, 149). Of these
.

.

CRP, IL-6, TNF-a and ICAM correlate most strongly in patients with high
· blood pressure (9, 26). Acute· system[c inflammation. has been linked with
acute cardiovascular events. However, chronic inflammation also has been
·suggested as an independent risk factor for high blood pressure (11).

b. C-Reactive protein, /nterleukin-6 and Hypertension
Numerous studies ·by Ridker (141, 160, 161) and others (130) have
suggested that high CRP levels are an inflammatory marker and predictor of
increased risk· of hypertension (2, 10," 37, 124, 158), cardiovascular disease
(101, 141, 180), atherothrombosis (86) and acute myocardial infarction (14,
48, 191).

These studies have indicated that CRP is easily measured

clinically, and it has been assigned designated set points for low (.1 mg/L),

6
moderate (1-3 mg/L) and high (>3 mg/L) cardiovascular risk (15, 140, 161).
(94, 132). In addition the
However, this concept
remains very controversial
'
'
accuracy and re"nability of the high-sensitivity .CRP screening test also are
being questioned (95).

Macy et at. showed that when CRP levels were

measured in 26 individuals every 3 weeks over a six month period, their CRP
levels varied from 1 to 12.5 mg/L (109). Kushner eta/. published a review
showing that second-hand smoke, minor denture related oral lesion, ingrown
toe nails, severe sunburn, and dietary factors can cause significant increases
in CRP levels (94). These clata suggest that every day life occurrences can
cause variations in CRP that could inaccurately suggest increased risk of
cardiovascular disease.

C. Inflammation
a. Acute Phase Response
The acute phase response (APR) is a universal reaction of the body to
local or _systemic disturbances in its homeostasis caused by infection, tissue
injury, trauma, burns, surgery, neoplastic growth or immunological disorders
(59). At the onset of an infection pro-inflammatory cytokines are released and
the vascular and inflammatory cells are activated (59).

An acute phase

protein (APP) is defined as a protein whose plasma concentration increases
(positive acute phase protein) or decreases (negative acute phase protein) by
at least 25 percent in response to an inflammatory process (54). An APR is
initiated shortly after the onset of an infection. This response is associated
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with production of more cytokines and other inflammatory mediators that are
r~leased

by their respective cells and diffuse from the extracellular fluid

compartmenf to the circulating blood

(5~).

These circulating cytokines then

bind to and activate receptors on various cells and therefore activate systemic
_physiological processes such as the hypothalamic-pituitary~adrenal (HPA)
axis (58).
-Numerous pro-inflammatory cytokines are involved in the induction of
an APR, these cytokines include: TNF-a, IL-1, IL-6,
(IL-8) (54; 179).

INF~

and interleukin-8

Of these, TN F-a, IL-1 and IL-6 act synergistically to control
•

the APR within the liver.

Furthermore, IL-6 is the primary mediator of

secretion of APP, such as CRP and mannan-bindiilg lectin, from the
hepatocytes, whereas TNF-a causes muscle catabolism, glucagon-induced
hyperglycemia and amino acid uptake by the liver (179). IL-1 stimulates a
systemic increase in amino acid flux and it also activates the HPA axis (58).
Following the stimulation of the pro-Inflammatory cytokines, IL-6 is
secreted and available for binding to liver cells (58). IL-6_ then feeds back
negatively to decrease the production of IL-1 and TNF-a, therefore, mediating
-the -entire cascade. Rapid removal of circulating cytokines by the liver and
kidney causes a down regulation of the hepatic APR.

Additionally,

·interleukin-10 (IL-10) release results in suppression of local IL-6 production
(58).

Likewise, IL-10 and interleukin-4 (IL-4) have also been shown to

suppress the hepatic APR (58).
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b. HPA Axis and Inflammation

Inflammation

has

been

implicated

in

numerous

physiological

responses. For example, communication between the neuroendocrine and
immune systems is important for maintaining homeostasis. in response to
stress, inflammation, and infection, which stimulate common regulatory
molecules

that

include

neurotransmitters (27).

steroids,

neuropeptides,

cytokines,

and

This is evident in the feedback control of the HPA

axis (27).

a) Review of HPA axis

•

The neuroendocrine component of the HPA axis starts with the
hypothalamus, which releases corticotrophin-releasing hormone (CRH) from
ne'urons.

CRH travels through the hypophysial portal venous plexus and

binds to CRH receptors on the corticotroph cells of the anterior pituitary.
Activation of this G-protein coupled receptor causes an increase in
intracellular calcium that in turn leads to exocytosis of adrenocorticotropic
r

.

•

hormone (ACTH) from the corticotroph cells of the anterior pituitary. ACTH
th~n

activates the adrenal gland to release glucocorticoids (cortisol).

addition to its ,systemic actions, cortisol exerts negative fee<lback control of

In
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the HPA axis· by stimulating the anterior pituitary to release glucocorticoid
response element (GRE), which acts within the anterior pituitary to inhibit the
exocytosis of ACTH and the synthesis of the corticotrophin releasing hormone
(CRH) reeeptor, and. by acting

on the hypothalamus to inhibit the release of

CRH.

b) Role of Cytokines in the HPA axis

The inflammatory cytokines IL-1, IL-6, and TN F-a. have been shown to
activate the HPA axis in various capacities.

However, IL-1 has the most

potent and prolonged effects of these three cytokines (35). IL-1a. and IL-1J3
both induce HPA activation. This may be because there is only one known
receptor (IL-1r) that .interacts with both.IL-1a. and IL-1J3, although their binding
affinities differ. IL-1 has been shown to interact with the HPA axis at various
levels including the hypothalamus, the pituitary, and the adrenal gland. ·
IL-6 activates the HPA axis (99, 190) and. increases ACTH and
corticosterone (35). However, the .1L~6 response on "the HPA axis is short
lived and less potent than the IL-1 response (35). This suggests that the
mec.hanisms of activation are different. Studies have shown that IL-6 acts on
. ,I

the "pituitary gland, resulting in increased ACTH arid ··corticosterone levels
(113). IL-1 is known to induce IL-6 secretion and it is thought that through
this mechanism, IL-6 is able to contribute to the effects of IL-1 on the HPA
axis. The effects of IL-6 on the HPA axis are very similar to that of TNF-a.,
which also has been shown to increase ACTH. Like IL-6, the TNF-a. actions

10
are less potent than those of IL-1 (35). It is thought that IL-1~. IL-6 and TNF-.

a cause increases in ACTH secretion by stimulation of corticotrophin
releasing factor (CRF).

c.

Cytokin~

and Acute Phase Proteins

a) C-Reactive Protein
Plasma levels of CRP are increased in

~esponse

to cytokine stimuli

such as IL-6, which is the principal stimulus, while IL-1 and TNF-a have minor
•

c

~

..

•

·roles (135). CRP is part of the first line of defense against invasion of a host
molecule, due to its ability to recognize pathogens and damaged cells.

It

functions to promote elimination of pathogens by activation of the
complement system as well as by mediating their clearance through
phagocytosis (135). f-:Jowever, despite the beneficial actions, several studies
have shown that patients with higher than normal CRP plasma levels also
have higher mean systolic and diastolic blood pressures (135).

b) TNF-a
TNF-a produced py numerous cell types, including monocytes,
macrophages, endothelial cells, vascular smooth muscle cells, tumor cells,
natural killer cells, T-lymphocytes (T cells) and B-lymphocytes (8 cells) (4,
40). TNF-a also is produced by various cell types in the kidney, including
- proximal tubules (45), mesangial cells (8), and glomerular epithelial cells (84).
The inactive precursor of TNFa is synthesized as a 26-kDa protein that is

11
cleaved at two sites to produce the active 17-kDa form (93).

TNF-a

stimulates the production of IL-6, endothelin-1 and angiotensinogen (40).
TNF-a acts through two distinct cell surface receptors called TNF receptor f
and TNF receptor 2, which have been identified on almost all cell types
except erythrocytes '(149).
c~pable

Like IL-6, TNF-a also has a soluble receptor

of binding TNF-a. However, TNF-a bound to its soluble receptor can

compete with TNF-a binding to the cell surface receptor and therefore inhibit
the effects of TNF-a (149). Similar to CRP; studies have shown ·a po'sitive

..

correlation between se;um TNF-a concentrations and increases in· both
systolic and diastolic blood pressure and. insulin resistance (194).

c) IL-1fJ

The 31-kDa

IL-1~

precursor molecule must be cleaved by the IL-113

converting enzyme (ICE) before it is rendered into its 17.5 kDa active form.
IL-113 is released from activated platelets (13, 34, 74, 75, 89). IL-113 deficient
mice do not manifest an acute phase response when injected with turpentine,
'

.

.

nor do they have any circulating IL-6 or fever (38, 193). This provides strong
evidence for the role of IL-1·13 in signaling the release of IL-6 and in mediating

'
important inflammatory responses. However, injecting the IL-1 knockout (KO)
mice with lipopolysaccharide (LPS) did not result in any differences in
production of glucocorticoids, showing that IL-1 is not required for the
activation of the HPA axis (138).
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Cytokines interact in the stimulation and inhibition of other cytokines
and receptors.

TNF-a. is one of the primary stimulators of IL-1 (39).

Additionally, IL-113 directly stimulates an increase in its own receptor
expression (34, 54). Furthermore, it has been shown that induction of CRP
by IL-6 requires IL-1 and/or TNF-a..

On the contrary, .IL-6 stimulated

fibrinogen production can be inhibited by IL-1 and TNF-a..

These data

suggest a complex relationship between cytokines and downstream effectors.
Another level of complexity in the puzzle of how cytokines function occurs at
the level of the receptor. The solublized form of the IL-6 receptor-a. (IL-6R)
·enhances the IL-6 response (90, 144, 155), however the soluble forms of the
TN F-a. receptor and IL-1 receptor are inhibitory (54).

. d) /nterleukin-6

IL-6 is the primary stimulus of CRP synthesis by the liver.

IL-6

expression is induced primarily by IL-1 (13) and TNF-a. (135). Additionally, IL6 plays an essential role in the inflammatory response to tissue injury (149),
bone metabolism, and reproduction (90, 134). The inflammatory response of
IL-6 is mediated
which is made of
. via
. . the interaction with the IL-6
.
- receptor,
•'
two subunits: an 80-kDa ligand binding protein subunit (IL-6R), i.e. the alpha
subunit, and a 130-kDa signal transducing glycoprotein subunit (gp130), i.e.
the beta subunit (76, 77, 80, 115; 170, 190).
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· The alpha subunit (IL-6R) binds the cytokine with low affinity until the
gp130 subunit binds to confer high affinity binding (40; 183). Both subunits of
the IL-6 receptor are expressed on hepatocytes and leukocytes only (79,
156}. However, almost all cell· surfaces express the gp130 subunit (79, 156),_
which is able to bind the cytokine and soluble IL-6R (IL-6Rs) (40, 76, 77, 82,
87, 115, 121, 144). IL-6R can be by matrix metalloproteinases (I\!IMPs) and
IL-6Rs can stimulate MMP upreguJation (6). Studies have shown that IL-113
and TN F-a are able to cause IL-6R shedding (46).
Furthermore, the beta subunit, gp130, is the beta subunit for various
other cytokine signaling processes that include (interleukin-11) IL-11,
leukemia inhibitory factor (LIF), interleukin-27 (IL-27) and interleukinc31 (IL31) (144, 154). The alpha subunit (IL-6R) is responsible for the specificity of
. IL-6 mediated induction of the gp130 signaling cascade.

V:Vhen the IL-6

ligand binds to the alpha subunit (IL-6R), the two beta subunits (gp130) with
tra-nsmembrane and intracellular components bind _(76, 77, 83, 90, 98, 115,
155}.

The two intracellular components of the beta subunit have Janus

kinase (JAK1 and JAK2) attached (108, 166), which are able to phosphorylate
each other (51, 64, 154, 171, 175). The JAK proteins are then able to
phosphorylate

intracellular transcription

factors,

such

as the

signal

transducers and activators of transcription (STAT1 and STAT 3) (30, 76, 77,
80)
that 'are recruited to the cytosolic regions of the beta subunits
and
.
.,
(

·.
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bind to the SH2 (src homology-2) domains (154, 171, 175). The STATs are
tyrosine phosphorylated, allowing them to dimerize and translocate to the
nucleus where they activate the transcription of various proteins such as
CRP, SAA, fibrinogen and angiotensinogen (154).
IL-6 is able to signal using the membrane bound or soluble a. subunit of
the IL-6R (76, 77," 90, 144, 155). However, when the

f3

subunit is solubilized

there are no longer two intracellular domains able to interact; therefore,
soluble gp130 is inhibitory (118, 121, 155) (figure 1) [adapted from (23)].

. Figure 1: Schematic diagram of /L-6 transignaling. [adapted from (23)]
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Elevated concentrations of IL-6 are associated with increased
production of IL-6Rs (40). ·However, increased 'IL-6 bioactivity has been
shown even without an increase in IL-6 concentration (118). This is because
of the ability of the IL-6R "to bind circulating IL-6 and translocate it to tissues
that have bound gp130 receptor. Because of this we proposed to measure
the bioactivity of IL-6 in plasma in addition to plasma IL-6 concentration by
immunoassay (specific aim 2). This enables the evaluation of the potential
contri~ution

of IL-6Rs to IL-6 mediated responses.

lnterleukin-6 differs from other inflammatory mediators in that its site of
action often is distant from its site of origin, whereas other cytokines function
in a more paracrine or autocrine mechanism (190).

IL-6 circulates in the

blood and is secreted from a number of different cells including immune cells,
endothelial cells, fibroblasts, myocytes; and adipose tissue (135).

IL-6 is

potentially an . important mediator, because it has been shown to be
associated with many of the risk factors for cardiovascular disease (12, 190)
such as high blood pressure (41), smoking and insulin sensitivity (135). This
is a correlation between IL-6 levels and obesity, which is known to be
associated with hypertension and diabetes. Interestingly, IL-6 levels increase
as adiposity increases (120). In fact, roughly one third of the total circulating
IL-6 has been estimated to originate from adipose tissue (120).

;
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IL:.S is only one of the cytokines .released from, cells responsible for the
synthesis of CRP and ttie regulation of the hepatic APR (190).
.

IL-1 and

-'

TNFa have similar roles, but the role of IL-6 is predominant in this process
(190). - Gene knockout animals have provided strong evidence for this
argument. IL-6 KO animals have an impaired acute phase response while IL1 and TNF-a KO animals demonstrated a normal response (190).

These

studies suggest a relationship in which- IL-1 and TNF-a induce IL-6
expression and secretion, IL-6 is then able· to regulate the release and activity
of IL-1 and TNF-a (129). IL-f and TN F-a have been reported. to play a role in
the development of thrombocytosis caused by inflammation, however it is
believed that this might be an indirect effect, due to.their ability to stimulate IL- ·
6 (190). Although IL-6 is proposed to be the main cytokine involved in the
pathophysiology of hypertension and cardiovascular related disease, this
does not downplay the potential role of other cytokines and inflammatory
mediators in cardiovascular disease.

The complex regulation

and

mE!chanisms - of actions of IL-6 and · other cytokines is not yet clearly
elucidated in many disease states.

e. Cytokine actions of Angiotensin II

In addition to the well known vasoconstrictor and sodium- retaining
actions ·of Ang II, numerous studies have implicated

arole for Ang II as a "true

cytokine," able to regulate the expression of many cytokines, growth factors,
adhesion molecules and chemokines (20, 31, 150).

Ang, II regulates
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inflammatory cell responses; for example, it is a chemotactic factor for
mononuclear cells, neutrophils and B and T cells (146) and a stimulus of
macrophage phagocytosis (185).

It also has been implicated in key

inflammatory processes such as the recruitment of proinflammatory cells into
the site of injury

via increasing vascular permeability (168, 187) and inducing

monocyte and neutrophil adhesion (91). Inflammatory cells express all the
components of the renin angiotensin system (128), ·and monocytes and
macrophages present at an inflammatory she have high angiotensin
converting enzyme activity (146).

Therefore, . Ang II may activate

inflammatory cells, which can then activate the renin angiotensin system to
increase local Ang II production.

In addition, angiotensinogen, the initial

precursor
to Ang II, is an acute
.
. . phase protein (164) that is positively regulated
by· inflammatory responses (85). As previously mentioned, IL-6 has been
.

'

shown -to induce APP synthesis from the liver, including angiotensinogen
(136).

d. Angiotensin II, Norepinephrine and iL-6

·Ang II is the principal mediator of-the (renin-angiotensin-aldosterone
system) RAAS and is known to regulate blood pressure, plasma volume and
sympathetic nervous system activity by constriction of vascular smooth
muscle cells, release of aldosterone from the adrenal gland, and sodium
reabsorption in the renal tubule (106). Ang II initially was thought of as a
vasoconstrictive peptide, but has since been shown to play a role in cardiac

.

'

~
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hypertrophy, myocardial infarction and atherosclerosis, regulation of cell
growth and fibrosis (173).

Moreover, Ang II now is considered a

proinflanimatory cytokine capable of inducing expression (52) and release of
IL-6 (162). Because studies have shown a correlation between IL-6 levels
and blood

pre~sure

this suggests the potential for IL-6 to participate in the

blood pressure raising actions ofAng II.
Ang II also is known to act centrally to activate the sympathetic
nervous system (SNS)· (137). · Furthermore, SNS stimulation also can
increase IL-6 release from vascular tissues (21, 112, 162). Numerous studies
have shown that IL-6 is expressed and active in the nervous system. More
specifically,

~tudies

. have· indicated that the SNS, .catecholamines and

sympathetic neurons, are able to. stimulate IL-6 synthesis (21, 112, 176). In·
addition, the SNS is known to stimulate renin secretion (33), .wh.ich, through

.·

Ang II, provides another mechanism that links IL-6 to the SNS.

e. Angiotensin II and TNF-a
. The proinflammatory cytokine, TNF-a, plays an important role in
responding to tissue injury and wound healing (174). However, Gurantz eta/,
showed that TNF-a exposure also is able to increase angiotensin II receptor,
type 1 (AT1) messenger ribonucleic acid (mRNA) levels, AT1 surface
· receptors, and Ang 11-induced production of inositol phosphates (60). The
combined increase in surface receptor density and production of inositol
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phosphate suggests that there is an increase not only in receptor expre~sion,
. but also perhaps activation of the AT1 receptor {151, 177).
Conversely, Ang II also can regulate the synthesis of TNF-a. {182).
· TNF-a. is suppressed by ~ngiotensin converting enzyme {ACE) inhibitors (49,
147), and Ang II induces both IL-6 and TNF-a. in macrophages {147). In the
kidney, Ang II induces TNF-a. production in isolated rat thick ascending limb
tubules {44). Thus, there is evidence for reciprocal activation between Ang II
and TN F-a., but the effects of that on blood pressure control Jewels remains to
be determined.

0. General blood pressure control
Blood pressure control is an integrated process that varies depending
on the specific physiological state. However, at any given point, mean arterial
pressure {MAP) equals the product of cardiac output (CO) and total peripheral
resistance (TPR). Thus changes in fluid volume or _venous capacitance that
change CO, or a change in arteriolar tone that affects TPR, will change MAP.
Changes in these variables occur continuously, and the body has multiple
control systems operating at different time constants to buffer these changes
and maintain a stable blood pressure. Although Ang II plays a major role in
the minutes-to-hours control system for MAP regulation, it also is a regulator
of long-term MAP control. This occurs through regulation of kidney function,
a control system with a time course of days, and modulation of vascular wall
thickness.
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a. Pressure-Natriuresis
Small_ increases in mean arterial · pressure can cause_ significant

....

increases in urinary sodium and_ifolume excretion, a phenomenon known as
pressure natriuresis ·an~ pressure diuresis- (69).
.

The kidney uses the

.

pressure natriuresis mechanism as feedback system for long-term control of
arterial pressure, whereby increased renal perfusion pressure results in a
decrease in tubular reabsorption of sodium and an increase in sodium
excretion (57). Figure 2 [adapted from (66)] shows

the acute renal pressure

natriuresis relationship that occurs when arterial pressure is changed and
urinary excretion is measured.

This is thought to be due to a direct

mechanism of the increased pressure to increase urinary sodium excretion.
Disturbances that raise blood pressure without impairment in renal excretory
function will raise urinary sodium excretion, thereby reducing extracellular
fluid volume until blood pressure returns to normal (66).
The implication of this is that any sustained, i.e. chronic, change in
blood pressure must be accompanied by a shift in the pressure natriuresis
.relationship. Therefore, when exploring mechanisms for the chronic hyper- or
hypotensive actions of any drug or hormone system, the research must
include potential actions on renal targets - either vascular or tubular - that
can change the ability of the kidneys to excrete salt and water.

{

Figure 2: Acute ·relationship between mean arterial pressure and urinary
sodium excretion /intake, i.e. the pressure natriuresis relationship.
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b. Renin- Angiotensin-Aldosterone System
One of the most important roles of the RAAS is to allow individuals
faced with wide variations in salt intake and body fluid volume status to
maintain a stable blood pressure. An increase in salt intake, for example,
would lead to an increase in extracellular fluid volume and arterial pressure,
except that the kidney senses the salt load and decreases renin secretion.
Renin is an enzyme that converts the plasma .protein angiotensinogen
(produced in the liver) to angiotensin I (Ang 1). ACE, present in exceptionally
high levels in the lungs, converts Ang I to Ang II, which functions as a potent
vasoconstrictor and sodium-retaining hormone. Decreasing Ang II increases
sodium chloride excretion, thereby preventing the increase in blood pressure.
Ang II also is a potent stimulus of the synthesis and

r~lease

of the

mineralocorticoid, aldosterone, from the adrenal zona glomerulosa. Like Ang
II, aldosterone is ~n ·anti-natriuretic, i.e. sodium retaining hormone. Despite
the fact that Ang II. and aldosterone
are two of the .body's most powerful
.
sodium retaining hormones, there tends to be only a transient amount of
sodium retention when they are administered in- excess (67, 68, 70, 72).
Hypertension ensues with continuous administration, but subjects ''escape"
. from the sodium-retaining actions after -1-2 days, such that there is no
increase in cumulative sodium balance during chronic Ang II or aldosterone
hypertension (67, 70-73). This often leads to the conclusion that the renal
actions wane and are supplanted by the peripheral vasoconstriction effects,
but servo-control studies by Hall et a/, (68) demonstrated that the renal

24
actions, in fact, persist chronii:ally, and that the increase in blood pressure is
what causes the "escape" and return to sodium balance. Thus, the fact that
the animals are able to maintain their sodium balance at a significantly higher
blood pressure demonstrates that there is a shift if the pressure natriuresis
relationship (figure 3) (73).

Consequently, in order to maintain a chronic

change in blood pressure there has to be an alteration in the renal excretory
capacity or the pressure natriuresis relationship. ·In pathological states, such
as Ang II or aldosterone hypertension, there has been a resetting in the
kidney, such that the kidney now requires a higher blood pressure to maintain
sodium balance (67).

Figure

3:

Acute

pressure

natriuresis

curve.

Schematic

diagram

demonstrating the rightward frame shift (i.e. antinatriuretic) effect of
hypertension on the pressure natriuresis relationship.

(A) Normal blood

pressure required to maintain sodium balance. (B) Elevated blood pressure
during hypertension required to maintain normal sodium balance
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a) Salt sensitivity

As mentioned above the renin-angiotensin aldosterone system is one
of the primary controllers of the pressure natriuresis relationship.

When

functioning normally, changes in sodium intake cause changes in renin
release, therefore, Ang II and aldosterone formation.

This allows sodium

balance to be achieved with little to. no change in blood pressure, resulting in
a near-vertical slope in the relationship between blood pressure and sodium
intake (61, 62).

However, when the renin-angiotensin system cannot be

manipulated appropriately, for example when Ang II levels are high as in Ang
II infusion or during chronic ACE inhibition, changes in sodium intake are
unable to change Ang II and/or aldosterone appropriately (63). That causes a
change in salt and water balance and, therefore, blood pressure, and the new
blood pressure is what restores sodium balance (62, 63). This explains why
chronic Ang II infusion leads to a salt sensitive form of hypertension that
causes a slope change in the pressure-natriuresis relationship (figure 4).

,.

Figure

4:

Chronic pressure natriuresis curve.

Schematic diagram

demonstrating the slope change that occurs when the body is unable to
manipulate the. Renin-Angiotensin-Aldosterone System. (A) Blood pressure
under normal circumstances on a normal sodium diet.

(B) Elevated blood

pressure that correlates with fixed elevation in Ang II and an inability to lower
Ang II levels. (C) Decreased.blood pressure that correlates. with an inability to
raise Ang II in the face of variations in sodium intake.

27

Cl
s:::::

<(

~

::::s

(.)
CIJ
CIJ

~

::::s

·c
ctl

z

~
::::s
CIJ
CIJ

J::

-- .!;2)

---

::c

......

«S

''
''
z
'
-:::=-----~-;::..:__·'-.-.
···•····•·•·
••••••
"'C

«S
.::.::.

0

-

0

u

Cl

e
..s:::::

<(

(.)

-'

Q) •• •••

..Q

c

0

E
0

~

a..

... .......--·-·-·-·

s:::::

••......

m

-·-...

<C

<C
c

C'G

\

I

,....

··--·-·-·-·-·
•••

...

••

~

C'G

G)

::i

•••

••
•••••
•••

••

••
••

28
c) Vascular and tubular effects of Ang II
Vascular effects of Ang II. Ang II increases sodium reabsorption by

altering renal hemodynamics. Physiological increases in Ang II cause renal
vasoconstriction that is greater in the efferent than in the afferent arterioles.
This decreases renal blood flow more than glomerular filtration rate (GFR),
thereby increasing filtration fraction. The renal vasoconstriction-also reduces
the downstream peritubular capillary hydrostatic pressure.

An increase in

filtration fraction means that a greater percentage (fraction) of the plasma
reaching the glomerulus is being filtered and therefore leaving less plasma in
the downstream blood: This increases the protein concentration and hence
the colloid osmotic pressure in the peritubular capillaries.

The decreased

hydrostatic pressure and increased coiloid osmotic pressure in the peritubular
capillaries favors uptake from the tubular interstitium.

This enhances

reabsorption of sodium and water by the proximal tubule.
Ang II is also known to decrease medullary blood flow through vasa
recta. The decreased medullary blood flow diminishes. the washing out of
medullary sodium chloride (NaCI) and urea. This increases the concentration
of urea in the medullary interstitium which enhances the . osmotic movement
of
.
water from the descending limb of the loop of Henle to the medullary
interstitium. Therefore, the concentration of NaCI in the tubule is increased,
enhancing the passive reabsorption of NaCI in the thin ascending limb.
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Tubular effects of Ang II. Ang II is a critical factor in determining the
sensitivity of tubuloglomerular feedback (TGF). In the face of increases in
arterii:ll pressure there is an increase in intraglomerular pressure that
increases GFR and distal delivery of NaCI. The macula densa senses the
increased delivery of NaCI, causing a vasoconstrictor signal, thought to be
adenosine triphosphate (ATP) or adenosine, to be released to the afferent
-arteriole.

Therefore; returning intraglomerular pressure and GFR back to

normal. Sustained increases in Arig II are associated with increased TGF
NaCI delivery to the macula
sensitivity,. meaning that- for any given level of
'
densa there is a. larger increase in afferent arteriole resistance. Therefore. in
sodium or volume depleted states, for example, which stimulates increased
renin and, hence, increased Ang II, that the increased TGF sensitivity
prevents increases in GFR that would counteract the important sodium
retaining actions of Ang II.
Ang II also stimulates the Na-H exchangers in the proximal tubule and
the thick ascending limb and the sodium channels in the initial collecting duct.
The net result is an increase in sodium reabsorption.
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c. Mineralocorticoids
a) Steroid biosynthesis

Adrenal steroid biosynthesis occurs in the adrenal cortex, which
contains three distinct areas with different physiological functions. The outer
. portion is the zona glorrierulosa, the site of aldosterone synthesis, which is
the most important mineralocorticoid hormone. However, studies have shown
that aldosterone may in small amounts be synthesized in the heart and blood
vessels, although the physiological relevance has yet to be determined (157,
188, 189).. The middle, and widest layer, the zona fasiculata, is the site of
cortisol synthesis (in humans - corticosterone in rodents), the most important
glucocorticoid hormone. The most inner layer of the adrenal cortex, the zona
reticularis,

is

the

site

of

synthesis

of

the

adrenal

androgens

dehydroepiandrosterone (DHEA) and androstenedione.
Steroid hormones, including adrenal steroids, are produced from
cholesterol. Approximately 80% of the cholesterol used in the synthesis of
these steroids is provided by the low-density lipoproteins (LDL) that circulate
in the blood. The LDLs bind to receptors in the coated pits on the outer
membrane of the adrenal cortical cells and then are internalized by
endocytosis. These newly formed vesicles eventually fuse with lysosomes
•

'

•

'

I

and release the cholesterol to be used for steroid synthesis. One mechanism
through which ACTH is able to regulate the synthesis of adrenal steroids is by
regulation of the number of surface LDL receptors on the adrenal cortical
cells.

Cholesterol also has been shown. to enter the cell through
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steroidogenic acute regulatory (StAR) proteins (29), that form a core through
the membrane.

Acutely, aldosterone synthesis is said to be regulated ·by

StAR expression, however, chronically (hours to days) expression of
aldosterone synthase regulates aldosterone production (7). Once cholesterol
enters the cell it is delivered to the mitochondria, were it undergoes the
cleavage by cholesterol desmolase to pregnenolone, which is the rate limiting
step (figure 5). The various factors that regulate the synthesis of the adrenal
steroids from the different regions of the a!;! renal gland also regulate this initial
step in. their designated region.

.•

Figure 5: Schematic diagram of adrenal steroid synthesis.
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b) Regulation of Aldosterone Synthesis

ACTH.

Most types of stress, whether physical or mental, increase

ACTH release from the anterior pituitary gland, which is. primarily responsible
'

for the control of glucocorticoids; however, it also is involved in aldosterone
synthesis. ACTH is the weakest of the three stimuli of aldosterone. Acutely,
ACTH stimulates the release of aldosterone via an increase in cyclic
adenosine monophosphate (cAMP) that activates protein kinase A· (PKA),
resulting in the rapic;t mobilization of cholest~rol for steroidogenesis via StAR, ·
,.
'

0

and enhancing the synthesis and secretion of aldosterone. ACTH is the only
stimulus that_signals through the cAMP mediated mechanism. Surprisingly,

c~ronic exposure to ACTH does not result in sustained increase in
aldosterone. However, it has been shown to cause·.suppression of plasma
aldosterone leveis (7). It is worth mentioning that ACTH also stimulates the
•,

secretion of cortisol, corticosterone, and deoxycorticosterone (DOC) all of
which bind the· mineralocorticoid receptor, though not to the same extent as
aldosterone. Therefore, via these alternative mechanisms ACTH is able to
induce weak mineralocorticoid activity.

ACTH is not normally the primary

stimulus of aldosterone secretion but may play a role in optimal secretion in
the presence.of other stimuli.
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- Angioten~in II. Ang II is able to increa$e aldosterone release within
- minutes, suggesting 1hat no neW protein synthesis is required (29, 165).
-

"

However, this does not rule out the possibility that the rapid aldosterone
release may be due to synthesis from an intermediate compound, such as
corticosterone. Ang II binds AT1 receptors on the glomerulosa cells, which
are G-protein coupied, and activates phospholipase C (PLC), increasing
intracellular calcium concentrations and resulting in depolarization of the
'

-

glomerulosa cells _leading to a sustained increase of calcium influx.

The

increased intracellular concentration of calcium facilitates the delivery of
ch()lesterol to the mitochondria and increasing the activity of cholesterol
desmolase which converts cholesterol to pregnenolone.
Additionally, Ang II causes zona glomerulosa hypertrophy and
increases expression of aldosterone synthase (CYP11B2), which converts
corticosterone to aldosterone, therefore, increasing aldosterone synthesis
(29). Conversely, other researchers have shown that it takes several hours to
reach a peak response of Ang II to stimulate aldosterone release (7). Sodium
restriction, which increases Ang II, increases CYP11B2 via an AT1 receptor
mediated mechanism that requires an increase in intracellular calcium, which
signals through a calcium/calmodulin dependent pathway (7, 165). These
studies suggest that Arig II may have multiple mechanisms for chronic and
acute regulation of aldosterone levels.

I
I
Extracellular fluid potassium.
I

I

.

.
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The mechanism. by which potassium

.

leads to increased aldosterone is more direct.
•,

Increased levels of

-!

!

extracellular potassium depolarizes the plasma membrane of glomerulosa

'

cells and opens voltage-gated calcium channels. This results in an influx of
calcium, raising the intracellular calcium concentration, which like Ang II
stimulates production of pregnenolone from cholesterol and conversion of
corticosterone to aldosterone.

Because potassium directly stimulates the

opening of the voltage-gated calcium channels it does not work via a PLC
mediated mechanism.
Furthermore, studies have suggested that potassium can increase
adrenal expression of aldosterone synthase (7). It has been proposed that in
the absence of a properly functioning renin angiotensin aldosterone system
that potassium alone is : able to . increase the synthesis of aldosterone by
increasing aldosterone synthase expression (29).

However, this concept

remains controversial.

c) DOC vs. Aldosterone

Aldosterone is the primary and the niost important mineralocorticoid
· hormone; however, othe( adrenal corticosteroids such as DOC (endogenous)
and DOCA (synthetic) are able to activate the mineralocorticoid receptor.
DOC is less potent than !aldosterone and is synthesized in smaller quantities
(125). However, there a<e instances where DOC is in excess. Deficiencies in

.

l

.

the enzyme, 1113-hydroXylase, responsible for the conversion of DOC to

''

. !'
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cortocosterone, which is eventually converted to aldosterone, can lead to
increased levels of DOC.

This occurs in individuals with 1113-hydroxylase

deficiency and in adrenal tumors -that have decreased expression of 1113hydroxylase.

d) Aldosterone action
Aldosterone

renders

its

actions

by

binding

to

a

cytosolic

mineralocorticoid receptor. Upon hormone binding thereceptor undergoes a
conformational change, dissociation of associated proteins, and translocates ·
to the cell nucleus were it activates or suppresses gene transcription (29).
Aldosterone binds to' the mineralocorticoid receptor in the kidney, increasing
i

..

'

'

the production and activation 'of several key proteins involved in sodium
transport. Aldosterone stimulates sodium reabsorption in the late distal tubule
and cortical collecting duct by binding to chromosomal receptorS in the cell
nucleus, increasing prc:>duction of mRNA and hence increasing synthesis of
. specific proteins. The proteins increase sodium reabsorption by increasing
the permeability of the apical membrane to sodium and by increasing the
amount of sodium potassium ATPase in the basolateral membrane (143). As
stimulates a net.
a ' result of an increase in these. transporters; aldosterone
.
(

'

sodium reabsorption and potassium secretion. The potassium secretion is .
thought to be a result of the sodium reabsorption. The aldosterone stimulated
sodium reabsorption occurs in the distal tubule and collecting duct where only
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5-10% of the fiitered load of sodium is reabsorbed. However, absence of the
aldosterone mediated sodium release leads to life threatening hyperkalemia.
e) Non-genomic actions of aldosterone
A number of recent studies have shown that aldosterone also has
rapid non-genomic mechanisms of. action.

The classic and "genomic"

aldosterone actions have a lag time of 1-2 hours and can be blocked by
acinomycin and cycloheximide, which block the transcription and translation
of new. proteins (29, f!O).

However, the rapid effects are seen in 1 to 3

minutes and dissipate within 5 to 10 minutes, too short of a time period for de
novo protein synthesis, and are riot inhibited·by acinomycin or cycloheximide

(53). It is believed that aldosterone binds to a cell membrane receptor that is
associated . with second messengers such ·as cAMP in vascular smooth
muscle and epithelial cells (50, 105).

Aldosterone also stimulates the

phosphatidylinositol second messenger system (19). However, the .receptor
responsible for these non-genomic · signaling cascades has yet to be
elucidated, (1.9) and the physiological significance of these nongenomic
actions also is not known (117).

d. Mineralocorticoid hypertension

a) Aldosterone hypertension

The potent sodium retaining actions of aldosterone increase blood
pressure when administered or secreted in excess (70). However, the initial
increase in sodium retention and decrease in sodium excretion are only
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transient effects of aldosterone infusion (70, 145). During the first 1-2 days of
aldosterone administration there is a significant increase in sodium and water

'
retention,
which causes the extracellular fluid volume to expand resulting in

.

an increase in arterial pressure
(70).
.

Once the -·arterial. pressure rises

sufficiently, the kidney is said to "escape" the sodium and water retaining
actions of aldosterone (70). The kidney at this time no longer retains any
additional sodium and water, but at this new volume expanded state the daily
· sodium excretion matches daily sodium intake despite the continued
wesence of high aldosterone levels. It is believed that the primary cause of
the "escape" from the continued sodium retaining state is pressure
natriuresis.

b) DOCA-salt hypertension

DOC-salt and DOCA-salt hypertension have long been viewed as
classic animal models of mineralocorticoid hypertension.

Because DOCA

and aldosterone both bind: the mineralocorticoid receptor they have similar
hypertensive actions.
'

However, as a result of the differences in binding ·
-

affinities of aldosterone and DOCA, higher circulating levels of DOCA are
required to yield the same amount of ·hyp~rtension as would occur with
aldosterone

(125).

During

DOCA

administration,

the

increased

mineralocorticoid receptor activity decreases secretion of renin and therefore
Ang II and aldosterone production, consequently, aldosterone levels are very
low.
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e. IL- 6 is important in Angiotensin II hypertension
Data published from our lab (97) shows that IL-6 plays an important
role in mediating chronic Ang II hypertension. In that study, wild type and IL-6
KO mice were implanted with· Data Science transdu.i:ers ·in the left carotid
artery. The animals were· .housed. ~eparately in metabolic cages With free

.

..

access to food and water. After recover"Y from surgery and a 4-day control
period, mice were placed on a high salt diet consisting of 4% NaCI. At the
end of the fourth day of high salt, animals were anesthetized with isoflurane
and a 14-day osmotic minipump filled with Ang II (90 ng/min) was placed
subcutaneously. Urinary sodium excretion and food and water intake were
measured over 2 days and, MAP was measured for 19 hours every second
day.

There was a significantly lower blood pressure in the IL-6 KO mice

during Ang II infusion from days 6-14, suggesting a critical role for IL-6 on
Ang ll's effect on blood pressure. However, the mechanism by which this
response is mediated has yet to be elucidated. One possibility is aldosterone.
Studies have suggested that the inflammatory aspects of aldosterone may be
involved in mediating the Ang II dependent increases in IL-6 (107), but the
role that aldosterone may play in the synthesis of IL-6 and the interactions
between IL-6 and Ang II have yet to be determined.
Data from our laboratory and others have shown that TNF-a. is able to
.

.

increase IL-6 plasma levels (23, .172, 184). However, it is not clear if the Ang
II mediated increases in the plasma IL-6 leve.ls are mediated though a TNF-a.
dependent mechanism. Studies have shown that Ang II and aldosterone are
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able to increase TNF-a. (119), (167). For example, aldosterone has been
shown to increase TNF-a in rats treated for greater than four .weeks (167).
DOCA elicits a similar tissue specific increase in TNF-a (47). These studies
suggest a role for aldosterone in mediating· the increase in inflammatory
cytokines. However, it is unclear whether the Ang II mediated increase in
is

mediated

via an aldosterone-dependent

inflammatory

cytokines

mechanism.

A study by Miura et at, showed that spironolactone, a

..

mineralocorticoid receptor antagonist, significantly reduced the Ang II

.

.

mediated increase in monocyte chemotactic protein-1 (MCP-1) and TNF-a.
(119). This and. other studies have. implicated a role for aldosterone in the
Ang II mediated inflammatory response (142).
Furthermore, a recent study by Coles et at, showed a similar
attenuation in systolic blood pressure in IL-6 KO mice in response to Ang II
infusion (28). More importantly, they demonstrated a role for the gp130,

~

receptor subunit, when given with Ang II, to attenuate Ang II mediated
increases in systolic blood pressure (28). These findings provide a strong
rationale for _studying the receptor subunits and bioactivity of IL-6.

They

suggest that increasing the soluble ~ subunit of the IL-6 receptor (i.e. gp130)
could decrease IL-6 bioactivity despite increases in circulating plasma protein
levels of IL-6.
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E. Hypothesis
To determine whether the dependence of Ang II hypertension on IL-6 is due
to a direct link between Ang II and IL~6, or whether aldosterone and/or TN F-a.
are important intermediate factors.·

Specific Aim 1:

To determine if mineralocorticoid hypertension is IL-6

dependent.

Specific Aim 2: To. determine the effects of Ang II and DOCA on plasma IL6 bioactivity compared with changes in plasina.IL-6 concentr.ation.

Specific Aim 3: To determine the role ofTNF-a. in the dependency of Ang II
hypertension on IL-6.

·.

II. SPECIFIC AIM 1: Experimental Design, Methods and Results

A. Rationale
The study from our lab by Lee et al. {97) showed that there was no
difference in blood pressure between the wild type {Wf) and interleukiri-6
knock out {IL-6 KO) mice during high-salt diet alone {i.e .. before Ang II
infusion).

However, chronic Ang II infusion caused significantly greater

hypertension in

wr verses

IL-6 KO mice and also increased plasma IL-6

concentration. Numerous studies have shown that plasma levels of IL-6 are
correlated with hypertension {26), but it is not known whether the increase in
. IL-6 is a cause, consequence, or parallel event in hypertension. Lee's results
suggested that IL-6 was necessary for Ang II hypertension.

However,

because aldosterone also increases during Ang II infusion, it is possible that
the IL-6 dependency could be due entirely, or in part, to aldosterone.

42
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Data from Blasi et a/ (18) showed. that chronic aldosterone
·administration stimulated IL-6, but that study was 28 days long and was
associated with renal injury. Lee's Ang. 11· study showed IL-6 dependence in
.

'

Ang II hypertension by day 6 of Ang II infusion, before there was renal injury.
The goal of this study was . to determine whether mineralocorticoid
administration increases plasma 'IL-6 in the early stages, and whether the
hypertension has an IL-6-dependent component.

In addition; whether the
. '

· mineralocorticoid · antagonist, spironolactone, would inhibit the Ang II
mediated increase in plasma IL-6 was tested. This will help determine if the
role of IL-6 in Ang II hypertension is due in part to interactions with
aldosterone. Figure 6 demonstrates our working hypothesis for aim 1.

· Figure 6:

Schematic diagram of specific aim 1: Arrows in red represent

experiments tested in aim 1.
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B. General Methods
The experiments were condl.lcted in twelve to fourteen-week-old (2730 g) male IL-6 KO (Jackson Laboratories 86.12986-116 tmlKopt) mice and their
male

wr

control (Jackson Laboratories C578U6J).

The surgeries, post-

surgical and experimental care of the mice were in accordance with the use of
laboratory animal's protocols approved by the Institutional Animal Care and
Use Committee of the Medical College of Georgia.

a. Transmitter Implantation Surgery
Anesthesia was induced by placing the mice in a glass chamber
equilibrated with isoflurane (Butler Animal Health Supply, Dublin OH, 43017).
The· mice· then were transferred to a nose cone ventilated with a stream of
100% oxygen and isoflurane. The animals were shaved along the left torso,
dorsal neck, over the left shoulder, and upper back in the scapula region, and
the shaved region was sterilized with betadine solution. Mice were placed on
a sterile, stainless steel tray that was thermo controlled at 37•C throughout
the surgery, and. the.'in~islon site was isolated with sterile drapes.
Using sterile instruments, the left carotid artery was exposed using
blunt dissection via a vertical mid-line incision. Two pieces of sterile 4-0 silk
were passed under the carotid artery, the distal (superior) end of the carotid
•'

was ligated, and the other suture was used to prevent bleeding once the·
vessel was opened. An additional piece of 4-0 silk ~as placed between the .
other ties to help secure the catheter after it was implanted. The. gel-filled
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transmitter catheter was held ·with a special pair of vessel cannulation forceps
to prevent the gel from being squeezed out and the transducer from being
damaged .. The catheter was implanted in the right carotid artery through a
hole made in the vessel wall by a Z-shaped bent 27%-gauge needle; the
needle also was used to help introduce the catheter. .
· The catheter-was secured with tlie 4-0 sutures, and a subcutaneous
pocket was made over the scapula using blunt dissection. The pocket was
irrig_ated with 10% marcaine 0.25% and saline solution, and the· transmitter ·
body was tunneled into the pocket. It was secured above the scapula using
5-0 chromic

gutsutur~.

The neck

i~cision

was closed using 6-0 silk and a

single stitch method.

b. Left Uninephrectomy

While still under isoflurane anesthesia, the mouse was turned on its
right side, and a left flank incision was made through the skin and the muscle.
The left kidney was extruded and the fat from the top of the kidney, containing
the adrenal gland, was detached from the kidney so that it remained in the
abdominal cavity. The renal artery and vein were ligated with 4-0 silk; cut,
and. the left kidney was removed.

The muscle and skin were closed

separately using 6-0 silk. The mice were allowed to recover from surgery on
.·
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a heating pad and later were transferred -to individual cages; Harlan Teklad
standard .rodent chow (TD-8604), and tap water were available ad libitum.
These animals recovered for 5-7 days before control measurements were
began.

c. Blood Pressure-Measurements

Each mouse's cage was placed on a Data Sciences International radio
receiver that was set to match its transmitter.

The transducers were.

calibrated ' using the 3-point calibration
values
for 750,
850, arid 950 mmHg..
.
·,
'
Data from the transmitters were sampled at 500 Hz for 5 seconds every 1-2
minutes, 19 hours a day, from 3 o'clock pm to 10 o'clock am. The remaining
five hours were used for maintenance of the animals (cage cleaning,
changing food and water) and data retrieval. Each Data Science system has
two matrixes per comp_uter, if there were only eight receivers on each matrix
then the data were collected for five seconds every minute. However if each
matrix contained the maximum number of receivers, sixteen (total of 32
receivers for the entire system), the data had to be collected for five seconds
every two minutes ..
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C. Experimental Protocol
DOCA administered in IL-6 KO and WT mice. After recovery from
the initial surgery, the animals were divided randomly into 4 groups: DOCA
Wf (wild type+ DOCA, n=6), DOCA KO (IL-6 KO + DOCA n=7), Wf (wild

type, n=5) and KO (IL-6 KO, .n=B). Each animal was given an identification
number, that number along with the transmitter's serial number and
calibration numbers were placed in the computer to correspond with the
receiver on which the animal was housed. At that time, each animal's blood
pressure tracing was observed to verify the arterial pressure waveform.
Four days of baseline blood pressure were recorded continuously for
19 hours (3 o'clock pm to 10 o'clock am) per day. There were two subgroups
. of treated animals: one group that underwent a 7-day treatment period and a
second group that underwent a 14-day treatment period (figure 7).

'

.

Figure 7: Experimental protocol for WT and IL-6 KO + DOCA study: DOCAsalt hypertension (1 glkg) in uninephrectomized WT and IL-6 KO mice.
*Denotes terminal blood sample obtained
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ANG II and spironolactone administration in WT mice. WT animals

were implanted with telemetry transmitters and allowed to recover from
surgery for 5-7 days. Animals were divided into two groups: ANG (WT + ANG
II) and ANG+SPIR (WT + ANG II + spironolactone).

Baseline data were

collected for four days while the mi_ce were fed normal rodent chow. Then to
allow the mice to become accustomed to eating peanut butter out of a petri
dish, which is later .used as a vehicle for spironolactone, ttie mice were given
100 mg of peanut butter for three-days. During the peanut butter only days
the animals were switched to a 4% NaCI diet (Harlan Teklad TD-92034).
After 3 days, all mice had 14-day osmotic minipumps implanted with ANG II ·
infusion at a dose of 90 ng/min, subcutaneous. The ANG+SPiil mice also
were given-spironolactone in their 100 mg of peanut butter at a dose of 25

.

.

mglkg/day. · The ANG II mice continued to receive peanut butter without
.

'

spironolactone. . Of the ANG+SPIR mice, a group was sacrificed. on day 7
(n=12) of ANG II plus spironolactone and a .second group were sacrificed on
day 14 (n=7) of treatment (figure 8).

Figure 8: Experimental protocol for WT + Ang II + spironolactone: Ang II
hypertension (90 nglmin) in the presence of mineralocorticoid receptor
antagonist, spironolactone (25 mglkg/day).
*Denotes terminal blood sample obtained

Recovery

Control

HiQh

~em

Spironolactone in

ut butter

Ang II (90 119/min)

5-7 days

en
_..

52
.

'

DOCA and spironolactone administered ·in WT mice. To test the

physiological relevance of the dose of spironolactone administered,

wr

animals were . implanted with radio transmitters and received a left
uninephrectomy (as described previously).

After recovery from ·surgery,

baseline data were collected for four ·days while mice were fed normal rodent
chow. and had tap water to dririk. To allow the mice to beco~e accustomed
to eating peanut butter out of a petri dish, which is later used as a vehicle for
spironolactone, the mice were given 100 mg of peanut butter for three days.
Following the peanut butter only, DOCA pellets at 1 mg DOCA per gram body ·.
weight were implanted subcutaneously (as described previously). At this time
the mice were switched to 1% NaCI and 0.2% potassium chloride (KCI)
drinking solution, and they received spironolactone via 100 mg of peanut
butter at a dose of 25 mglkg/day. DOCA, salt solution, and spironolactone
treatment continued for 14-days (n=6) (figure 9).

Figure 9: Experimenta/'protocol of WT + DOCA + spironolactone: DOCA-salt
hypertension (1 g/kg) in the presence of mineralocorticoid receptor
antagonist, spironolactone (25 mglkg/day).
*Denotes a terminal blood sample obtained
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a. DOCA Protocol
DOCA-salt hypertension requires a · DOCA pellet be implanted
subcutaneously.

These pellets were made using a silicone rubber paste

(311 0 RTV, Corning) combined with DOCA at a two to one, silicone to DOCA
ratio. To make the pellet, the silicone rubber paste was weighed out in the lid
of a 100 ml petri dish. The weight of the silicone was halved and that amount
of DOCA was weighed out. A smalr portion of the DOCA was mixed into the
silicone paste, and the remainder was added in small increments. Two drops
of a catalyst solution (catalyst #4, Motion Industries, Inc.) were added to the
paste and swiftly mixed. The paste was gathered quickly into the center of
the lid, the bottom of the dish then was pressed firmly on top of the paste. A
water bottle was used as a weight so the mixture could set for at least 4-5
hours.

b. DOCA Implant

After four days of control blood pressure .measurements the DOCA
animals were re-anesthetized as described previously and weighed, shaved
along the back, and the shaved area was sterilized with betadine.

A. small

incision was made along the back and a pocket was formed under the skin
using blunt dissection. The area was irrigated with 250 Jll of 10% marcaine
0.25% solution:

DOCA pellet at a dose of 1 mg of DOCA per gram body

weight was implanted in the pocket (126, 131, 139), and the incision was
closed with two sterile surgical staples (9 mm stainless steel Auto clip). The
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animals were allowed to recover on a heating pad before being returned to
their cages and resuming data collection.

On the day of DOCA implant

surgery, all animals, those with and without DOCA pellet implants, were given
1% NaCI and 0.2% KCI made with tap-water to drink.

f. Blood Sample and Tissue Harvest
At the end of the treatment periods, in all three of the experiments
presented, the animals were anesthetized as previously described, and ·the
right carotid artery was cannulated using PE-50 · (polyethylene) tubing that
was heat-stretched to an appropriate tip diameter.

The catheter was

approximately 18 em long and was attached to a 23 gauge blunt needle on a
1 ml. syringe .. The hub of this needle was filled with heparin sodium (1 ,ooo
USP Units/ml) as the anticoagulant. A 0. 7 ml to 1.2 ml of blood sample was
drawn and the blood was transfused gently into a 1.5 ml centrifuge tube on
.
.
ice. Blood s,amples were centrifuged at 1300 x g for 15 minutes a 4°C. The
plasma was pipetted in 125 Jll

c;~liquots

and stored in at -20°C.

Additionally, kidney and heart tissue samples were collected, weighed
and stored. These tissues were removed, cleaned in saline, weighed and
placed in 2 ml cryo tubes and snap frozen in liquid nitrogen.
samples were stored at -80°C.

All tissue
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D. Analytical Methods

a. Assay Procedures
a) ·Determination of Plasma IL-6 Concentration

Plasma

IL-6

concentration

was

measured

by

Enzyme-Linked

lmmunoSorbent Assay (ELISA) using kits Jrom R&D systems (Quantikine
Immunoassay M6000B). The assay required two 50 1-11 aliquots of plasma.
One additional dilution of the standard was plated, allowing the lowest
standard to be 3.9 pg/ml.

Additionally, all 125 1-11 plasma samples were

centrifuged for 15 minutes at 1300 x g, allowing any remaining red or white
blood .samples to form a pellet. Upon completion of the assay, using a plate
reader, optical density was read at 450nm.

b) Determination of Plasma TNF-a Concentration

The plasma TNF-a concentration was measured by ELISA using a kit
from R&D systems (Quantikine Immunoassay MTAOO).

Two additional

dilutions of the standard were plated, allowing the lowest standard to be 5.85
pglml. As previously mentioned, all plasma samples were centrifuged and
the assay required two 50 1-11 aliquots of plasma.

Upon completion of the

assay, using a plate reader, optical density was read at 450nm.
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E. Calculation and Analysis of Data ·
Ang II (90 ng/min) .calculations. Each pack of 14-day osmotic
miilipumps comes with an exact infusion rate for that set of pumps. The
average infusion rate for all 14 day osmotic minipumps is 0.25 Jlllhr and the

.

.

exact infusion rates can range from 0.20 to 0.25 .Jlllhr. For our experiments
we calculated the Ang II dose based on the exact infusion rate for each pump.
For example, if the exact- infusion rate was 0.20 Jlllhr the calculations would
·be as follows:

0.20 ul x 24 hr x 14 days= 67.2
hr
day

Jll infused over 14 days

90 ng x _1_ x 1440 min x 14 days = 27,000 ng/Jll cone. needed
min
day
67.2 1.11
27.000 ng x 1 ug x 1 mg x 1000 ul = 27 mg/ml
Jll
1000 ng 1000 Jlg
1 ml
5mg = 27mg
· Xml
ml
X= 185.2 Jll
185.2 Jll of saline were added to each 5 mg vial of"Ang II (Phoenix) to
make a final dose of 27 mg/ml. The content from all the vials was mixed
together to insure that all pumps contained the exact same concentration of
Ang II.
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DOCA calculations. The mice were weighed on the day·o, the DOCA
pellets were implanted.

If the mouse had a transmitter, 1.4 grams were

subtracted froin the animal's weight to account for' the weight of the
transmitter. The DOCA dose was dose of 1 g/kg or 1 mg/g body weight.
Since the silicone to DOCA ratio was 2 to 1, the mouse's net body weight was
multiplied by 3 (25 g mouse

= 75 mg pellet) to give a weight of one part

DOCA and two parts silicone.

Statistics. Data were analyzed by a 2-factor ANOVA with repeated
measures, using an unpaired t-test for between group comparisons.
Dunnett's test was used for within group comparisons over time. A value of
p<0.05 was considered statistically significant and data are presented as
mean±SE.

.

\
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F. Results
DOCA administered in WT a11d IL-6 KO mice"Biood pressure. The

mean arterial pressure was not different between groups during the control
period, averaging 117±2 and 119±2 mmHg in the WT and IL-6 KO mice,
respectively (figure 10). Changing the mice to the salt drinking solution of 1%
NaCI and 0.2% KCI alone did not change blood pressure in the control WT or
IL-6 KO mice, averaging 116±2 and 117±3 mmHg, respectively. DOCA plus
salt solution treatment, however, had a gradual hypertensive effect. Blood
pressure increased steadily for the first six days, and it began to plateau on

day 6 at an average of 145±2 and 144±3 mmHg in WT and IL-6. KO mice,
. respectively. After twelve days of DOCA treatment there was no

differen~

in

mean arterial pressure between the two groups, averaging 146±3 and 146±3
mmHg, respectively, in WT and IL-6 KO mice. The kidney to body weight
ratios increased with DOCA treatment in both groups, however, there was no
difference between the IL-6 KO .and WT animals· following DOCA-salt
treatment (figure 11).

Plasma IL-6 levels.

During the control period, plasma IL-6

concentrations averaged 4.1±1.7 pg/ml in WT mice and increased to an
average of 34.5±7.0 pg/ml after one Week of DOCA treatment (figure 12).
However, this response was transient, after two weeks of DOCA treatment
the plasma IL-6 concentrations were back down to control levels at an
·average of 1.8±1.0 pg/ml.

Figure 10: Mean arterial pressure in DOCA-sa/t treated WT and /L-6 KO
mice.
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Figure 11: Kidney to body weight ratio in DOCA treated /L-6 KO and WT
mice.
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ANG II and spironolactone administration ·in WT mice. When the 14-day
Ang II treatment was averaged and compared to the mean of the 14 day Ang
II plus spironolactone treatment there was significant difference in blood
pressure between the ANG II and the ANG II + SPIR (figure 13). However,
the only days that were significant were days one and two of treatment. The
observed decrease.in blood pressure on day 8 of ANG II plus spironolactone
most likely was due to an increase in the dose of spironolactone: Mice on
average increase their weight by an average of 1 gram per week, therefore,
the dose of spironolactone was increased to compensate.
Figure 14 shows that there was a significant increase in plasma IL-6
concentration on day 7 of ANG II and high salt treatment, averaging 22.7±2.2
pg/ml in WT mice. Unlike in DOCA-salt hypertension, the Ang II stimulated
increase in plasma IL-6 concentration was sustained to day 14 of ANG II
treatment, averaging 24.3±3.7 pg/ml. There was no difference in plasma IL-6
concentrations between day 7 and day 14 of Ang II treatment. When WT
mice were treated with Ang II and spironolactone, there was a significant
decrease in plasma IL-6 concentrations on day 7, averaging 7.2±2.2 pg/ml
and on day 14 of ANG II + spironolactone, averaging 13.3±4.5 pg/ml (figure
15).

Figure 13: Mean arterial pressure for WT mice treated with Ang II (90 nglmin)
and Ang II + spironolactone mice during the last 2 days of control period (C) 4
days of peanut butter only period (PB) and 14 days of treatment (T).
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Figure 14: Plasma IL-6 concentration for Ang II treated animals on ·day 7 and
day 14 of treatment.
*Denotes statistical significance compared to control

Figure 15: Plasma IL-6 concentration for Ang II +spironolactone treated mice
on day 7 and day 14 of treatment.

# Dimotes statistical significance compared to ANG II day 7 and day 14
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G. Summary of Specific Aim 1
These data support the conclusion that mineralocorticoid-induced
hypertension is not IL-6 dependent. The IL-6 KO mice had the same MAP as
the wild type mice after twelve days of to DOCA-salt treatment. However,
there was a transient increase in plasma IL-6 concentration on day 7 that
dissipated by day 14 of DOCA-salt treatment. These data suggested that
mineralocorticoids may play a role in the initial increase, but not sustained, in
IL-6 during hypertension.
On the other hand, spironolactone was able to blunt the increase in
plasma IL-6 during ANG II hypertension on day 7 and day 14. These data
suggest that mineralocorticoids do not play a role in the dependency of ANG
II hypertension on IL-6 even though they do play a role in the initial increase
· · in plasma IL-6 levels during both ANG II and mineralocorticoid hypertension:

/

.

Ill. SPECIFIC AIM 2: Experimental Design, Methods and Results

A. Rationale
Data from Lee et a/. have shown that wild type mice have elevated
plasma IL-6 levels in the presence of Ang II (90 119/min) hypertension (97). In
addition, our results in aim 1 show that DOCA-salt hypertension causes a
transient increase in IL-6 on day 7 that returns to control levels by day 14 and
that spironolactone inhibits the Ang II mediated. increase in plasma IL-6
concentration. However, protein levels of IL-6 may not necessarily correlate
with the level of IL-6 bioactivity (118). Studies have shown that increasing the
amount of soluble IL-6 receptor alone can increase the bioactivity of IL-6
(118). Therefore, it is important to determine IL-6 bioactivity in addition to
plasma IL-6. concentration.

68

69
Principle

The sensitive .and commonly used method for measuring biological IL6 activity is based on the IL-6 dependent proliferation of the murine
hybridoma cell line, 89 (1).

The 89 cells require IL-6 for survival and

proliferation in vitro and have been shown to respond to murine, rat (127),
horse. (36, 169), and human IL-6 (118) but not bovine (36) and can be used in
plasma and cell medium (78, 171).

Following an incubation period, IL-6

activity is determined using the tetrazolium salt (MTT) assay,. a quantitative
· colorimetric· determinant of cell proliferation.

The ' yellow,
tetrazolium salt,
.

assay solution is metabolized by the mitochondrial enzyme, sucC:in.ic
dehydrogenase, that is active in proliferating cells. The metabolic byproduct
of this reaction is a purple formazan. The degree of color change form yellow
to purple is used
. as an indicator of the amount. of·cell. growth.. This purple
color is then read ·on a plate reader at an absorbance wavelengt~ of 490 nm.
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B. Generai.Methods
a. General Cell Culture Methods
All cell culture media and procedures were performed using aseptic
t~chnique

and under a laminar flow hood. Gloves were worn when touching

anything in the incubator and while under the laminar flow hood. All tubes
and tips were autoclaved before use and all instruments, media bottles, and
glassware that

ente~ed

the laminar flow hood were wiped down .with 70%

ethanol. · When handling sterile containers with lids, the caps were placed on
their back side if the cap had to be laid down. Caution was taken not to touch
the tip of the pipette to the rim of any flask or sterile bottle. All surfaces of the
laminar flow hood were wiped down with 70% ethanol after each use, and the
hood door was closed and an ultraviolet (UV) light· turned on.

a) Thawing Cells
Vials were removed from liquid nitrogen and immersed immediately in
a 37•C water bath for approximately 2 minutes while constantly agitating.
Aliquots were thawed quickly, because most cell death occurs between -50°C
and

o•c.

Vial caps were tightened, wiped off with 70% ethanol thoroughly on

the outside and placed inside laminar flow hood. Growth media (0.5 ml) was
added to the vial. The cell mixture was pipetted into a new 75 cm 2 cell culture
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flask (tissue culture treated and 0.2 1-1m vent cap) with 20 ml of growth media,
making sure not to. touch the pipette tip to the rim of the aliquot vial. The flask
was placed in the incubator at 37°C·in a humidified, 5% carbon dioxide (C02)
atmosphere.
On the following day, the 20 ml cell solution was split into two 15 ml
conical tubes, each tube contained 10 ml each.

These tubes were

centrifuged at 300 x g for 2-3 minutes. Following centrifugation, using a.glass
pasteur pipette (5%") connected to a vacuum tube and collecting container,
the supernatant was aspirated making sure not to disturb the pellet. The
by
pellet was then
re-suspended in 10 ml of fresh growth media, and mixed
.
.
pipetting up ·and down with a 10 ml serological pipette. This process was
repeated for the other conical tube and the re-suspended cells were .
combined and placed into a new 75 cm 2 cell culture flask. The dish was
labeled with the type of cell line (i.e. 89) and the date cells the cells were
thawed in the top left corner, the passage number (i.e. P2) in the top right
corner, and the date passed in the bottom right corner.

b) Freezing cells protocol

All cells to be frozen were placed into a single 15 ml conical tube. If
there was only one plate of cells to freeze, 15 ml of cell suspension mixture
was removed from the flask, added to a centrifuge tube and 15 ml of fresh
growth media added to the flask. If there was more than one ·plate, all cells
were centrifuged in-numerous individual conical tubes, and then all cells re-
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. suspend in a total of 15 ml and coi'T)binecl into a single 15 ml conical tube. A
viable cell count was done to calculate the number of cells/ml and the total
number of cells in tube. The cells were then centrifuged at 300 x g for 2-3
minutes to obtain a cell pellet. Under the laminar flow hood the supernatant
was aspirated and cells re-suspended in the volume of freezing media
needed to bring the cells to a final concentration of 8 x 1as cells/mi. This
concentration allowed 500 Jll of the cell suspension to be added to each 2 ml
cryogenic vial providing, 4 x 1as cells/ampoule.

With a cryo marker, the

cryogenic vial was labeled with passage number (i.e. P3), cell density, date
and type of cell line (i.e. 89).
The .vials were placed into the "Mr.. Frosty" freezing container, filled
with at least 250 ml of isopropanol, which provides a repeatable -1°C/min
cooling rate for successful cryopreservation:

The "Mr. Frosty" was then

placed. into the -80°C freezer overnight. The following day the vials were
removed and placed into a liquid nitrogen filled cryogenic storage tank.

c) Counting Cells Protocol

While under the laminar flow hood the cells to be counted were placed
in a single 15 ml eentrifuge tube. If the total volume of cells exceeded 15 ml,
all cells were spun down and re-suspended in a single 15 ml conical tube.
Suspended cells (50 Ill) were pipetted out and placed into a single well of a
96 well plate, on the bench top (the cells at this point are counted outside of
the laminar flow hood). Using a clean pipette tip, 50 Jll of trypan blue stain .
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solution·, used.as an exclusion stain to measure cell viability, was added to.
the well with the cells. The cell and trypan blue mixture was pipetted up and
down and allowed to sit for 3 minutes. This allowed time. for the non-viable
cells to take up the blue dye.

However, the cells could not sit too long

because the viable cells may begin to take up the dye as well. A cover slip
was placed over the hemacytometer, using a pipette, a small amount of the
trypan blue-cell suspension mixture was pipetted under the cover slip and
onto the hemocytometer. This was done by carefully touching the edge of the
cover slip with the pipette tip and slowly pushing in the solution allowing the
chamber to be filled, making sure not to overfill or under-fill the chamber.
The .hemacytometer was placed under an inverted microscope and all
viable cells (non-viable cells will be stain_ed blue! viable cells remain opaque)
in the four corner squares were counted (for example: 50 + 55 + 47 + 43 =
•
200). The number of cells from the four quadrants were added al'!d divided
·by4 (for example: 200 I 4 = 50), resulting in the average number of eells per
quadrant.

This number was then multiply by

2o;oo,o

.•

(for example: 50 x

. '

20,000 = 1,000,000 cells/ml): This numbe_r represents the number of cells/mi.

Multiply this number by the volume in ml (for example: 10 ml vial =_10 x
1,000,000 = 10,000,000).
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b. 89 Cell Line Information
The 89 mouse hybridoma cell line is a sub clone from fusion of spleen
cells with myeloiTJa cells. These IL-6 dependent cells were deposited by Dr. L
Aarden, Netherlands Red Cross Blood Transfusion Service, Amsterdam, The
Netherlands. These cells are round in morphology and grow in suspension.
The subculture recommendations are to split saturated cultures 1:3 to 1:4
every 2-3 days due to a doubling time of 30-40 hours. The cells were seeded
at 0.5 x 106 cells/ml and harvested at a maximal density at about 0.8 x 106
cells/mi. These cells were grown in an incubator at 37°C in a humidified, 5%
carbon dioxide (C02) atmosphere.

.

'
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a) Growth Media Recipe

The murine 89, 8-cell hybridoma cell line was grown in Roswell Park
Memorial Institute media (RPMI) 1640 1X with L-glutamine (cat No. 10-040CV) supplemented with 5% heat inactivated fetal bovine serum (F8S), 50 f.iM
2-mercaptoethanol (2-ME), 2 mM glutamine, antibiotics (penicillin and
streptizoticin) and 100 pg/ml recombinant mouse IL-6 (R&D systems) (1 , 123,
159). Growth media was used to passage cells and re-suspend cells after
they had been thawed.
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b) Assay Media Recipe
Assay media was used to dilute the standards, re-suspend and wash
the 89 cells during plating of the IL-6 bioactivity assay. In addition, all stock
solutions of recombinant mouse IL-6 were prepared with assay media. It was
important to use RPMI 1640 1X (cat No 17-105-CV) without phenol red
because the red color of the phenol changes to an orange color depending on
changes in pH due to increased cell growth . Using media with phenol red
would have caused wells with varying amounts of cell growth to have different
shades of red and orange color; therefore, it would have interfered with the
colorimetric reading of the assay plate.
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c) Freezing Media Recipe

The freezing media was only used when freezing cell ampoules and
was washed away within 24 hours of thawing cells, due to the harsh
preservatives used to freeze the cells.
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d) Passaging cells

The saturated cultures were split 1:4 every 2-3 days.

The growth

media was warmed to 37°C by placing it in a 37°C water bath for at least 30
minutes. The bottle was wiped down with .70% ethanol before being placed
under the laminar flow hood. Warm media (15 ml) was pipetted into three

n~w 75 cm2 cell culture flask and 5 .ml of the saturated suspension· cells were
.
.
.

added to the flask. This allowed 5 ml of the saturated suspension cells to
remain in the flask.

With a new·serological pipette, 15 ml of fresh warm

media was added into the flask with the remaining 5 ml of cells. All flasks
were labeled with the type of cell line (i.e. 89) and the date the cells were
thawed in the top left comer, passage number in the top right comer and the
date of passage in the lower right corner.
After the first passage there were four flasks, to prevent having 16
flasks after the second passage, 15 ml of cell suspension were removed and
placed into a 50 ml centrifuge tube and replaced with 15 ml of fresh warm
media. This was repeated for all four flasks. The cell suspension in the 50 ml
centrifuge tube was aspirated into the fluid waste container.

•

79
c. IL-6 Bioactivity Assay
a) Standard preparation

To make the 500 pg/ml recombinant mouse IL-6 stock solution 9900 J.d
of assay media was pipetted into a 15 ·ml conical tub using a 100-1 000 J.d
pipette.

To the media, 100 J!l of the 500 ng/ml recombinant mouse IL-6

frozen stock solution was added. This 5,000 pg/ml solution was mixed well.
In a riew 15 ml centrifuge tube 9 ml of assay media· and 1 ml of the
recombinant mouse IL-6 5,000 pg/ml solution were mixed, producing a new
stock solution of 500 pg/m recombinant mouse IL-6 (a vortex was not used in
mixing).
For each standard curve, at least 200 J!l of each standard dilution was
need~

(for 2 curves 400 J!l of each standard were required). Fifteen sterile

culture test tube 12 X 75 mm polystyrene, with polyethylene cap, were
uncapped and placed in a rack. Five Hundred J!l of assay media were added .
to each of the 15 tubes.

1 ml of the 500 pg/ml recombinant mouse IL-6

solution was added to the 16th tube. Using a 100-1000 J!l pipette tip, 500 J!l of
the recombinant mouse IL-6 500 pg/ml solution was added to the first tube
containing 500 J!l of assay media, as shown in figure 16. With the same tip,
the solution was mixed by pipetting up and down four times; 500 J!l of this
new solution was removed and added to the next tube.

This process

continued, using the same tip, until all 16 dilutions had been made (from 500
pg/ml to 0.015 pg/ml) (figure 16).

.,

Figure 16: Schematic diagram of the 15 serial dilutions petformed during the
preparetion of the standards (16 total standards).
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b) Sample Preparation

Plasma aliquots from Ang II and DOCA treated animals were thawed,
heat inactivated at .57°C for 30 minutes and centrifuged at 1300 x g for 15
minutes. Seven 1.2 ml cluster tubes, for every sample to be assayed, were
placed in a polypropylene 96-tube rack (coming cat# 441 0). All dilutions were ·
made using RPMI 1640 1X without phenol red supplemented with 10% FBS,
50 (lM 2-ME, 2 mM glutamine and antibiotics (assay media). Into six of the
seven tubes (for each sample) 200 (ll of assay media were added and 300 (.11
to the seventh tube. Into the tube with 300 (.11 of assay media, 100 (.11 ofthe
heat inactivated plasma were added (1:4 dilution), making. sure not to disturb
any pellet at the bottom to the plasma tube. The media and plasma were
mixed by pipetting up and down four times. Wrth a new tip, 200 (.11 of the 1:4
dilutions was added into the next tube containing 200 (.11 of assay media. The
solution was mixed up and down four times, continuing with the same tip until
all seven dilutions had been made as shown in figure 17.

Figure 17: Schematic diagram of the. 7 serial dilutions of the plasma samples
(8 total dilutions).
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c) Plating Standards and Samples
Standards. The 0.015 pg/ml standard was mixed up and down four

times with a 50 Ill pipette using a 200 Ill pipette tip and 50 Ill plated in the
corresponding three wells of the sterile 96 well plate (Nunclon Surface, cat No
162008), as illustrated in figures 18 and 19.

Using the same pipette tip,

continuing from lowest to highest concentrati~n of the standards, 50 Ill of
each standard

were· plated iri triplicate..

Figure 20 shows a standard curve

plotted with recombinant IL-6 in pg/ml against optical density (OD).
Samples. The 1:256 plasma dilution .was mixed up and down four

times arid 50 Ill were plated in triplicate into the coi"(esporiding well in the 96
well plate, as illustrated in figures 21 and 22. Continuing from least to highest
concentration, all samples were plated.· The plates containing samples and
standards were then equilibrated at 37°C in a humidified, 5% C02
atmosphere while the cells were harvested for the assay.

Figure 18: Schematic diagram of the standard plate.
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Figure 19: Pictora/ diagram of the standard plate.
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Figure 20: Graphic diagram of an /L-6 bioactivity standard cuNe using mouse
recombinant /L-6.
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Figure 21: Schematic diagram of the plasma sample plate.

1

2

3

4

5

6

7

8

9

B

l

1:4

1:4

1:4

blank

\

1:4

1:4

1:4

blank

c

(

1:8

1:8

1:8

blank

~
J

1:8

1:8

1:8

blank

10

11

12

A

/

-

~

-

~

~

__,.

-

D

I

1:16

i1:16

1:16

blank

(

E

r

1:32

1:32

1:32

1:256

I

1:32

1:32

1:32

1:256

F

(

1:64

1:64

1:64

1:256

t

1:64

1:64

1:64

1:256

G

I

1:128

1:128

1:128

1:256

I

1:128

1:128

1:128

1:256

1:16

1:16

1:16

blank

(X)

-....!

Figure 22: Pictoral diagram of the plasma sample plate.
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d) Cell Harvest

"

The cells were passaged and allowed to siffor 48 hours. They then

were placed under the laminar flow hood and placed into a 15 ml centrifuge
~.

'

.

tube, using a serological pipette. These cells were centrifuged for 3 minutes
at 300 x g. The growth media was aspirated off and 10 ml of warmed assay
media added to the cells, making sure to re-suspend the cell in the assay
media. This process then was repeated three times to insure that all mediacontaining IL-6 was washed away.

After the final wash the cells were

counted as described above using trypan blue viability counting protocol. The
cells were diluted to a final concentration of 1 x 55 cells/ml in assay media.
This diluted solution then was poured into a reservoir and, using· a multichannel pipette, 50 Ill of the cell suspension (5,000 cells) was dispensed into
each well of the plate, bringing the total fluid volume to 100 Ill per well. The
plate· then was incubated for 72 hours at 37°C in a humidified, 5% C02
atmosphere (123).

e) Gel/Titer Solution Cell Proliferation Assay Protocol

After 66 hours, 20 ~I of CeiiTiter 96 Aqueous One Solution Reagent
(Promega-MTS) was added to each well.

This was done by pipetting a

sufficient amount of the Aqueous One Solution Reagent to a reservoir. Using
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a multi-channel pipette, 20 J.d of the solution was pipetted into each well. The
plate was slightly tapped to mix the solutions. The plate then was placed
back in a humidified, 5% C02 atmosphere incubator for 6 hours and read on a
plate reader at 490 nm.

f) Blood Sample and Tissue Harvest
Same as in Section 11-Aim 1

C. Experimental Protocol
DOCA administered in WT mice. The· control mice in this group,
were implanted with ·radio telemetry transinitters, · nephrectomized and
received 1% NaCI and 0.2% KCI drinking solution, but they did not receive a
DOCA or silicone pellet. The DOCA day 7 and day 14 mice also received
'
.
radio telemetry transmitters, nephrectomized and received 1% NaCI and
0.2% KCI drinking solution, iri addition to a DOCA silicone pellet.
previously described (Section 11-Aim 1),

t~rrninal

As

blood samples were drawn

and plasma aliquots stored at -20°C.
Ang II administered in WT mice. The control mice in this group were
implanted with radio telemetry transmitters and received 4% NaCI rodent
chow. In addition, they had minipumps filled with saline implanted. The Ang
II day 14 mice received the same treatment but their minipump contained Ang
II at a dose of 90 ng/min. As previously describ.ed (Section 11-Aim 1), terminal
blood samples were drawn and plasma aliquots stored at -20°C.
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D. Analytical Methods

a. Assay_ Procedures
. a) Determination of Plasma IL-6 concentration

Same as in Section 11-Aim 1
b) Determination of Plasma TNF-a concentration

Same as in Section 11-Aim 1

E. Statistical Analysis of Data
,

Statistics. Data were analyzed by a 1-way ANOVA, with an unpaired

t-test used for supplemental between group comparisons. Dunnett's post hoc ..
test .was used for within group comparisons over time. A value of p<0.05 was
considered statistically significant and data are presented as mean±SE.

)

.
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F. Results
COCA administered to WT" mice.

The ·IL-6 plasma· bioactivity

p~rallels the plasma IL-6 concentrations. Measured, in optical density (00),
the: plasma IL-6 bioactivity for DOCA control mice averaged 0.061±0.005 and
significantly increased to an· average of 0.291±0.066 on day 7 of DOCA
treatment (figure 23). Figure 12, shows that on day 7 of DOCA treatment
plasma IL-6 concentration increased from an average of 4.1 ±1.7 pg/ml to
34.5±7 pg/ml on day 7 of treatment, showing that JL-6 bioactivity and plasma
concentration both increased to similar extents on day 7 of DOCA treatment.
In addition, plasma IL~6 bioaCtivity on day 14 of DOCA treatment averaged
0.046±0.022, a significant decrease from day 7 of DOCA treatment, similar to
that shown in figure 12, where plasma IL-6 concentration decreased back to
control levels on day 14 of DOCA treatment averaging 1.8±.1.0 pg/ml. ·
Ang II administered to WT mice. Figures 11 and 22 show that IL-6
.plasma bioactivity parallels the trends in plasma IL-6 concentrations _in Ang II
treated animals on day 14 .of treatment

Measured in OD, plasma IL-6

bioactivity of saline infused control mice averaged 0.059±0.013 and
0.186±0.02 on day 14 of Ang II treatment (figure 24). Similarly, plasma IL-6
protein concentration, increased significantly on day 14 of Ang II (figure 13).

Figure 23:

IL-6 bioactivity expressed as change in optical density (OD)

reading on day 14 of control period and day 7 and 14 of DOCA period.
*Denotes statistical significance compared to DOCA control
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Figure 24:

IL-6 bioactivity expressed as change in optical density (OD)

reading on day 14 of control and day 14 of Ang II treatment.
*Denotes statistical significance compared to control
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G. Summary cif Specific Aim 2
These data represent the plasma IL-6 bioactivity that was measured in
DOCA and Ang II treated WT mice. Our results showed that plasma IL-6
bioactivity paralleled plasma IL-6 concentrations.

Plasma IL-6 bioactivity

significantly increased on day 7 of DOCA treatment and returned to control
levels by day 14 ·of DOCA treatment. Ang II infusion caused a significant
increase in plasma IL-6 bioactivity on day 14 oftreatment.

IV. SPECIFIC AIM 3: Experimental Design; Methods and Results

A Rationale
Results from our laboratory and others (28, 97) have shown

·a:

dependence of Ang . II hypertension on IL-6, but it is not yet clear if this
dependency of Ang II hypertension on IL-6 is mediated through a TNF-adependent mechanism. Ang II has· been shown to stimulate TN F-a (147),
and TNF-a is .known to. stimulate the release of IL-6 (23, 172, 184).
Therefore, one aim was to determine whether stimulation of IL-6 by Ang II is
through ·a TNF-a dependent mechanism.

We accomplished that by

measuring the effect of chronic TNF-a infusion on plasma IL-6 concentration .
in WT mice and by measuring the plasma IL-6 concentration response to Ang
II infusion in TNF-a KO mice. In addition, infusing Ang II chronically in TNF-a
KO mice enabled us to determine definitively whether TN F-a was required for
Ang II hypertension. Figure 25 demonstrates our working hypothesis for aim

3.
96

Figure 25: Schematic diagram of specific aim 3: Atrows in red represent
experiments tested in aim 3.
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8. General Methods
Data Science transmitters were implanted in twelve to

fourteen-week~

old (27-30 g) male TNF-a. KO (Jackson Laboratories 86129S6-Tnf
mice and their

wr

11111

1
GK )

controls (Jackson Laboratories 86129S F2/J) not

c·578U6. Mice were allowed to recover for 5-7 days and housed in individual
cages with free access to food and water. The mice were maintained for 4
days post baseline on standard rodent chow, and all animals were switched
to a high-salt diet (4% NaCI diet, Harlan Teklad TD-92034) for the remainder
of the study. After 4 days on high-salt diet, the animals were reanesthetized
and a 14-day osmotic minipump (Aizet, Durect, Cupertino, CA) was implanted
subcutaneously to continuously infuse ANG II at a dose. of 90 ng/min.

a. Transmitter Implantation Surgery
- Same as in Section 11-Aim 1

b._ Blood pressure measurement
Same as in-Section 11-Aim 1
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C. Experimental Protocol
Ang II administered in TNF~a. KO mice and WT. After recovery from

the initial surgery animals were randomly divided into 4 groups: TNF-a.·-KO +
Ang (n=5), Wf + Ang (n=6), TNF-a KO control (n=4), and Wf control (n=6).
Each animal was given an identification number, that number along with the
transmitter's -serial number and calibration numbers were placed in the
computer Corresponding with the- receiver on which the mouse was housed.
At that time, each animal's blood pressure tracing was observed to verify the
arterial. pressure waveform.

Four days of baseline blood pressure were

recorded continuously for 19 hours (3 o'clock pili to 10 o'clock am) per day.
The Ang II treated mice then received Ang II minipumps (figure 26).

i .··.

Figure 26: ·Experimental protocol for Ang II administered in TNF-a KO and
WT mice: Ang II (90 nglmin) hyperlension.
*Denotes terminal blood sample obtained

Recovery

Control

· High sait

5-7 days

....

0

0
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. TNF-a Infusion in WT mice. C57i3U6

rt'lf) mice were anesthetized

and implanted subcutaneously with an alzet osmotic minipump infused with
TNF-a at a dose of 16 ng/hr (92). After surgery the animals were randomly
divided into three groups: day 2, day 4 and day 6. Animals were sacrificed
and terminal blood samples drawn on days two, four, and six of treatment,
and plasma samples were stored in 125 J.d aliquots at -20°C for analysis of
plasma IL-6 and TNF.-a proteil'! cor:tcentrations.

D. · Analytical Methods

a.

Assay Procedures

a) Determination of Plasma IL-6 concentration

Same as in Section 11-Aim 1
b) Determination of Plasma TNF-a concentration

Same as in Section 11-Aim 1

E. Calculations and Statistical Analysis of Data
Ang II calculations.
Same as Section 11-Aim 1
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TNF-a calculations. Each pack of 7-day osmotic minipumps comes
with an exact infusion rate for that set of pumps. The average infusion rate
for an· 7-day osmotic minipumps is 0.5 J.!llhr.
calculated

For our experiments we.

the TNF-a dose based on the exact infusion

rate for each pump.

For e~ample, if the exact infusion rate was 0.50 J.!llhr the calculations would
be as follows:

0.5 ul x 24 hr x 7 days
hr
day

=84 1-11 infused over 7 days

16 ng x 24 hr x 7 days
hr
day
84111

= 32 ng/111 cone. needed

32ng.x · 1 ug x 1000 ul = 32 119/ml
111 · 1000 ng
1 ml

50 ug = 32 ug
Xml
ml
X= 1.563 ml
1.563 ml of saline was added to a 50 J.lg vial of recombinant murine
TNF-a (R&D Systems) to make a final dose of 32 J.lg/ml. Using a 50 J.lg vial,
14 7-day pumps can be filled and with a 10 J.lg vial2-3 pumps can be filled.

Statistics.
Same as Section Ill-Aim 2
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F. Results
TNF-a Study.

During our TNF-a infusion study We measured the

effects of TN F-a infusion on TN F-a and IL-6 plasma concentrations. On day
2 of TNF-a infusion there was a -3 fold increase in plasma TNF-a
concentration (1 0.5±0.4 pg/ml) when compared to control, 3.3±1.6 pg/ml
(figure 27). This increase was maintained on day 4 of the TNF-a infusion
averaging 9.5±3.2 pg/ml. On day 6 of the TNF-a infusion, there was a slight
incre'ase in plasma TNF-a concentration averaging 15.0±7.2 pg/ml. However,
TNF-a. infusion induced a transient increase in plasma IL-6 concentrations.
On day 2 of the TNF-a infusion, plasma

IL~6

concentrations averaged

51.1±12.9 pg/ml and on day 4 of the TNF-a infusion the plasma IL-6
concentrations returned to that of control (2.7±0.5 pg/ml) animals averaging
3.4±0.2 pgiml (figure 28).

There was a slight increase in plasma IL-6

concentrations on day 6 of the TNF-a infusion that averaged 9.7±3.2 pg/ml.

Ang II infusion in TNF-a KO mice.

The MAP during control

conditions averaged 99±3 and 97±4 mmHg in Wf + ANG and TNFa KO +
ANG mice, respectively (figure 29). There were no differences in baseline
values averaging 98±3 and 100±3 mmHg in

wr and TNF..O: KO control mice,

•
respectively. . Ang II infusion had a rapid hypertensive effect that reached a
plateau on day 5 at 138±7 and 135±5.mmHg in

wr + ANG and TNF-a KO +

A,NG mice, respectively. On day 8, the TNF-a. KO + ANG mice had a slightly

104
lower MAP than tlie

wr + ANG mice, averaging

127±12 and 141±4 mmHg,

respectively. Howeve·r this response was reversed by day 14 of treatment
with TNF-a. KO + ANG and

wr + ANG

mice, averaging 145±4 and 136±3

mmHg, respectively. Over time, the control TNF-a. KO mice had a slightly
lower MAP than their

wr

control averaging 98±1 and 91±3 mmHg,

respectively, but it did not reach statistical significance.
TNF-a. KO mice had an average plasma IL-6 concentration 9.2±8
pg/ml and Ang II caused a significant increase in plasma IL-6 concentration
averaging 53.6±12 pg/ml, respectively (figure 30).

Figure 27: ·Plasma TNF-a concentration for TNF-a infused WT mice on day
2, day 4, and day 6 of treatment.
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Figure 28: Plasma IL-6 concentration for TNF-a infused WT mice on day 2,
day 4, and day 6 of treatment.
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statistical significance compared to control
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G. Summary of Specific Aim 3
In this study, TNF-a was infused in

wr

mice, via a subcutaneous

osmotic_ minipump. The mice were sacrificed on days 2, 4, and 6 of treatment
and TNF-a and IL-6 plasma concentrations measured. Our results showed
that, TNF-a. is able to cause a transient increase in plasma IL-6
concentrations when given as a subcutaneous infusion.
In addition, blood pressure was measured, 19 .hours per day by
telemetry, in TN F-a. KO mice on a high salt diet with Ang II infusion. Terminal
blood samples were taken on days 7 and 14 of treatment.

Our data

demonstrated that there was no difference in MAP between the wr and TN Fa. KO during ANG II infusion. In agreement with previous data, ANG II was
able to cause an increase in plasma IL-6 in the TNF-u KO mice. This led us
to conclude that, ANG II has a direct effect on IL-6, and that IL-6 and not
TNF-u is required for sustained increases- in MAP during ANG II
hypertension.

V. DISCUSSION

The focus of this ·project was to cle!ermine whether the significant role of IL-6
in allowing full manifestation of Ang II hypertension was due to a specific link
. to At:Jg II, or due, at least in part, to a link with other pro-hypertensive factors
induced by Ang II. The most powerful hypertensive mediator activated by
increases in Ang II is aldosterone, and a major finding of this project was that
DOCA-salt hypertension was not IL-6 dependent.

DOCA activates the

mineralocorticoid receptor on which aldosterone acts, and our results showed
that the IL-6 KO mice had the same MAP as the wild type mice after twelve
days of DOCA-salt treatment.

However, there was a transient increase in

plasma IL-6 concentration and bioactivity on day 7 that dissipated by day 14
of DOCA-salt treatment. Be6ause, Ang II stimulated a sustained increase in
plasma ·IL-6 concentration on day 7 and day 14 of treatment, this suggested
that mineralocorticoids may play a role in the initial increase in IL-6 but not the
sustained increase in IL-6 evident in Ang II hypertension. On the other hand,
the plasma IL-6 responses to DOCA-salt treatment and to spironolactone
.

treatment in Ang 11-infused mice suggest there may be a significant
.stimulatory effect of mineralocorticoids on IL-6, because, spironolactone
treatment in Ang 11-infused mice attenuated the rise in IL-6. Moreover, it also
attenuated the hypertension.

Together these data suggest that aldosterone

110
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may contribute to Ang II hypertension though its effect to increase plasma IL6, but that IL~6, plays a role in Ang 11-mediated hypertensive actions

-

~.

:

'

independent of the mineralocorticoid receptor.
Another consequence of increased Ang II levels is stimulation of
inflammatory cytokines. We a'nd others have reported that Ang II increases
'

.

'

IL-6,_ but Ang II also increases TNF-a., and TNF-a. ·is known to stimulate IL-6
release as well:· Therefore, we tested whether the link between Ang II, ll-6,
and hypertension during chronic Ang II infusion was dependent on increases
in TNF-a..
plasma

Our results showed that TNF-a. caused a transient increase in

IL~6

concentrations when given chronically .as a subcutaneous

infusion. However, chronic Ang II hypertension in TN F-a. KO mice was not
attenuated compared with WT mice, Moreover, Ang II was able to increase
. plasma IL-6 in the TNF-a. KO mice. Thus, Ang II was able to stimulate IL-6
without the presence of TNF-a., and the knockout of TN F-a. did not attenuate
the rise in MAP during Ang II hypertension.

· . Role of IL-6 in the Renin-Angiotensin-Aldosterone System
Inflammatory cytokines have · been implicated in the etiology of
cardiovascular disease· at many levels, ranging from the initiation of the
atherosclerotic process (22, 43) to the progression of end-organ injury (11 0,

122, 192). Cytokines and markers of infl-ammation also have shown a strong
correlation with hypertension in human studies (2, 5, 24, 81, 102, 153, 181,

195), and a(e being considered as potential biological markers of future

.

.
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cardiovascular events (16, 25, 42, 55, 101, 1.16, 141, 178, 180). We have
reported that when the inflammatory cytokine IL-6 is genetically knocked out, ·
those mice have an attenuated blood pressure response to chronic Ang II
infusion. Coles .eta/. have reported similar findings, concluding that chronic
Ang 11-induced hypertension in mice is dependent significantly on IL-6 (28).
·The mechanism by which the absence of IL-6 attenuated Ang II
hypertension is not known. However, Ang II stimulates aldosterone synthesis
· and· release directly, and mineralocorticoid receptor-mediated actions are
well-known to participate significantly in the blood pressure actions of the
renin-angiotensin system.
linked

Furthermore, mineralocorticoids also have been

recently to stimulation of inflammatory cytokines (107).

If

mineralocorticoid hypertension also is dependent significantly on IL-6, then
that action could explain, at least in part, why Ang II hypertension was
ameliorated in IL-6 KO mice (28, 97). T~erefore, studies in this project aimed
to evaluate the role of IL-6 in mediating the blood pressure actions of
mineralocorticoid

receptor

activation.

Our . results

showed

mineralocorticoid hypertension was not attenuated in. IL-6 KO mice.
'

concluded that the dependency of Ang II

hypert~nsion

that
We

.

on IL-6 is not mediated

though a mineralocorticoid receptor dependent mechanism.
There is evidence that Ang II and aldosterone both

stimulat~

IL-6

release (97, 107), but although our results with IL-6 KO mice showed that IL-6
was required for full manifestation of Ang II hypertension (28, 97), the
mechanism for stimulation of IL-6 during systemic Ang II infusion, is not
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known.

Our results showed that Ang II was able to ca1,1se a sustained

. increase in IL-6 over the course of two weeks. However, mineralocorticoid
administration did not show similar responses. Instead there was a transient
increase in plasma IL-6 ·after the first week of DOCA-salt treatment that
dissipated by the end of the second week.

This suggested that

mim:!ralocorticoids may play a role in the initial increases in IL-6 but not the
sustained increase seen in Ang II hypertension.

To evaluate the role of

mineralocorticoid receptor activation in Ang II mediated increases in IL-6, we
treated WT mice with Ang II and spironolactone, a mineralocorticoid receptor
antagonist.

Spironolactone treatment significantly attenuated the Ang II

mediated increase in plasma IL-6 concentration on day 7 and on day 14 of
treatment. Thus, although we cannot explain why the DOCA study revealed a
. transient effect, but the spironolactone study showed a chronic ·effect, overall
these data support the hypothesis that aldosterone plays a role in the Ang II
mediated increases in IL-6.

IL-6 signaling and the Renin-Angiotensin-Aldosterone System

The circulating inflammatory cytokine, IL-6 mediates its actions via the
interaction with the IL-6 receptor, which is made of two .subunits: a ligand
binding alpha subunit, ·IL-6R, and a signal transducing beta subunit, gp130
(76, 77, 80, 115, 170, 190}.

However, the only cells that express both

subunits of the IL-6 receptor are hepatocytes and leukocytes (79, 156}. On
the other hand, almost all cell surfaces express the gp130 subunit (79, 156},
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which is able to bind the IL-6 and soluble IL-6R (IL-6Rs) (40, 76, 77, 82, 87,
115, 121, 144) which can be solubilized by matrix metalloproteinases (6).
This is important
because molecules su9h
.
. as

IL-1~

and TNF-a. are able to

cause IL-6R shedding (46) and Ang II is able to increase TNF-a.. Therefore,
because IL-6 is able to signal using t~e membrane bound or soluble a. subunit
ofthe IL·6R (76, 77, 90, 144, 155) it is important to examine the components
that may i!lfluence IL6R shedding.

In addition,
·when
the
.
.'

~

subunit is

solubilized and binds to IL-6 and IL-6R there no longer are two intracellular
domains able to interact; therefore, soluble gp130 is inhibitory (118, 121,
155) .
. We performed IL-6 bioactivity assays to determine the link between
circulating IL-6 plasma levels and IL-6 bioactivity. This has important
implications, because pla!)ma IL-6 bioactivity can change significantly
independent of a change in plasma IL-6 concentration, · and changes in
plasma IL-6 concentration may not· accurately reflect changes in IL-6
bioactivity. However, the relationship between plasma IL-6 concentration and
actual plasma IL-6 bioactivity has· not been tested in any model of
hypertension. Our results showed that in Ang II and DOCA treatment that IL6 plasma concentrations paralleled plasma IL-6 bioactivity. · DOCA-salt
treatment caused a transient increase in plasma IL-6 bioactivity after week
one that was abolished by the end of week two of treatment. Similarly, Ang II
treatment caused an increase in IL-6 bioactivity that was present at the end of
the two week Ang II treatment.
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TNF-a. and Angiotensin II
Ang II has been reported to stimulate TNF-a. release (147), which is
known to stimulate IL-6 release (23, 172, 184). Our data supported the later;
when we infused TNF-a. in WT mice we saw a

transi~nt

increase in plasma

IL-6 concentration. To determine if Ang II increased IL~6 levels

via TNF-a. we

infused Ang II. During Ang II infusion, we did not see increases in p!asma
TNF-a. levels. However, we did not measure tissues levels. Others have
shown that Ang II is able to increase tissue levels of TN F-a. in the' absence of
increase in circulating levels (147) ..
Therefore, it can be proposed that the mechanism by which Ang II
increases IL-6 is through
mechanism.
.
. a TNF-a. mediated
-

We aimed to

determine if TN F-a. was the link in the dependency of Ang II hypertension on
IL-6.

However, we measured no significant difference in mean arterial

pressure ·between WT and TN F-a. KO mice. In the absence of TNF-a. Ang II
was still able to increase plasma IL-6 levels. This led us to conclude that Ang
·11 hypertension is dependent on IL-6 and not TN F-a..

.

1.16
Summary

We tested the hypothesis that the dependence of Ang II hypertension on IL-6
is due to a direct link between Ang II and IL-6, and riot to aldosterone and/or
TNF-a dependent mechanisms. These results showed that aldosterone is
involved in .Ang II mediated increases in plasma IL-6 levels. However, the
more important observation in this experiment actually is that the decrease in
plasma IL-6 paralleled the decrease in blood

pressure caused

by

spironolactone. Although only a· correlational relationship in this experiment,
when considered together with the reports that Ang II hypertension is
attenuated by IL-6 KO (28, 97) and by pharmacologic interference with IL-6
receptor activation (28), these data provide new,_ additional support for the
hypothesis that chronic Ang II hypertension is dependent significantly on IL-6.
Moreover, because IL-6 was not required for mineralocorticoid hypertension,
this suggests that the role of IL-6 in Ang 11-dependent hypertension is due to
interaction specifically with Ang II receptor mediated events rather than with
those mediated through the mineralocorticoid receptor.

.

.

· Our data suggested that plasma IL-6 concentrations paralleled plasma
. IL-6 bioactivity during DOCA-salt and Ang II administration.

Therefore,

increases in IL-6 concentration· led to a comparable increase in IL-6
bioactivity:

This allowed us to conclude that th~se two models of

hypertension do riot adversely affeqt the receptor subunits ability to signaiiL-

6.
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Our results support the conclusion that TNF-a is not an intermediate
factor in the dependency of Ang II hypertension on IL-6. Despite the fact that
TNF-a infusion caused a significant increase in plasma IL-6 levels, there was
not a dependence of Ang II hypertension on TNF-a. In addition, the Ang II
mediated increase in plasma IL-6 was not TNF-a dependent. Overall these
data allowed us to conclude that aldosterone, but not TNF-a, plays a critical
role in the initial_ increase in Ang 11-mediated elevations in plasma IL-6 levels.
Through that mechanism aldosterone is involved in the dependence of Ang II
hypertension on IL-6, but with regard to how IL-6 per se mediates part of Ang
II hypertension, that action does not appear to involve the mineralocorticoid
receptor.

.

.
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