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Abstract

OBJECTIVE—Pro-inflammatory cytokines of placental or systemic origin are thought to play a
central role in the pathophysiology of preeclampsia. We sought to estimate the fractional excretion
of tumor necrosis factor (TNF)-a in relationship to proteinuria in women with severe preeclampsia.

METHODS—In a cross-sectional study, we evaluated the serum and urine levels of TNF-a in 45
women diagnosed with severe preeclampsia (mean+SEM, gestational age: 29.1+0.5 weeks). Forty-
five healthy pregnant control women matched for parity, maternal and gestational age at recruitment
(30.1+0.4 weeks) served as control. Urinary concentrations were normalized to creatinine. The
fractional excretion of the TNF-a was interpreted in relationship to those of total proteins and that
of soluble fms-like tyrosine kinase-1 (sFlt-1).

RESULTS—We found that preeclamptic women had significantly higher serum TNF-a
concentrations compared to controls (mean + SEM, preeclampsia: 1.3940.09 vs. control: 0.93+0.07
pg/mL, P<0.001). In contrast, urinary levels of TNF-o were significantly decreased in preeclampsia
compared with healthy controls (median [interquartile range], preeclampsia: 0.26 [0.10-0.91] vs.
control: 0.58 [0.21-1.29] pg/mg creatinine, P=0.003), even though the hypertensive women had
higher levels of proteinuria. In contrast to sFlt-1, urinary TNF-a did not correlate with the degree of
proteinuria. Additionally, in preeclampsia the fractional excretion of TNF-a was significantly lower
(preeclampsia: 1.92 [0.46-4.20] vs. control: 7.2 [2.44-12.07] percent, P<0.001).

CONCLUSION—The fractional excretion of TNF-a is significantly reduced in women with severe
preeclampsia, despite proteinuria. The decreased clearance and altered renal excretion of this
cytokine may contribute to the exaggerated inflammatory response observed in preeclampsia.

INTRODUCTION

Hypertensive disorders are a leading cause of maternal and perinatal morbidity and mortality,
worldwide.1:2:3 Preeclampsia complicates between 5 to 9% of all pregnancies.4 Regrettably,
given the potentially grave prognosis of severe preeclampsia and our inability to precisely

getermine its cause, the best treatment option remains delivery, regardless of gestational age.
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The early pathophysiologic events leading to preeclampsia remain an enigma.6 For several
years, we and others have concentrated our attention to understanding the role of circulating
and urinary anti-angiogenic factors (soluble fms-like tyrosine kinase-1 [sFIt-1]) and other
placental markers gmhlbln activin, monocyte chemoattractant protein-1) in the pathogenesis
of preeclamp5|a ' 1The urinary concentrations of two such markers, sFlt-1 and inhibin
A, were significantly increased in women with preeclampsia and urinary levels correlated
directly with both serum concentrations and the degree of proteinuria.8'9 The dramatic increase
in maternal serum and urinary levels of these markers in women with severe preeclampsia
could reflect increased placental production, glomerular leakage, altered re-uptake, or
endogenous renal production.sv

Tumor necrosis-o. (TNF-a) is a pro-inflammatory cytokine with a pleiotropic effect on the
immune system, tissue homeostasis, embryonic development, and placentation. 7,12,13,14
This cytokine plays a vital role in the regulation of inflammation because it affects the release
of other pro-inflammatory cytokines (IL-1, IL-6, monocyte chemoattractant protein-1) via both
positive and negative feedback mechanisms.11,15,16 Compelling evidence suggests that when
released in large amounts, TNF-a induces excessive coagulation, enhanced activation and
injury of the vascular endothelium, and, as noted, induces trophoblast apoptosis and impedes
trophoblast invasion.17,18,19

A current theory holds that increased decidual TNF-a levels increase decidual cell expression
of a number of monocyte/macrophage chemotractant factors which lead to the recruitment and
activation of macrophages in the placental bed.29:21 In vitro studies demonstrate that
macrophage-associated TNF-a induces apoptosis of extravillous trophoblasts. 22 Beyond its
stimulation of decidual monocyte/macrophage trafficking, TNF-o can exert direct effects on
trophoblast to stimulate apoptosis and inhibit trophoblast migration. 23 The resultant defective
placentation is followed bg the systemic release of cytotoxic factors which damage the maternal
vascular endothelium.2 Although TNF-a could also be an “effect” of the
pathophysiological changes associated with severe preeclampsia, the significance of the above
mentioned model is predicated by studies which demonstrated that in preeclampsia widespread
damage and dysfunction of the maternal endothelium, placental oxidative stress and aberrant
lymphocyteTh1/Th2 cytokine balance [interleukin (IL)-2, IL-12, IL-15, I1L-18, interferon
(IFN)-vy, tumor necrosis factor (TNF)-a vs. IL-4, IL-10, transforming growth factor (TGF)],
induces an exaggerated maternal sg/stemlc inflammatory response characterized by
hypertension and protelnurla

Given these protean TNF-a effects it seems reasonable to propose that increased decidual and
systemic TNF-o expression plays an important role in initiating and maintaining the
pathophysiologic mechanism of this specific pregnancy-related syndrome. Further, because
TNF-a is a small molecule [17 kilodaltons (kDa)], the degree of kidney damage which
characterizes severe preeclampsia may be an important regulator of the systemic TNF-a levels.
We sought to test the hypothesis that, in women with severe preeclampsia the fractional
excretion of this pro-inflammatory cytokine is increased in direct relationship with proteinuria.

Participants and sample collection

We conducted a cross-sectional study using time matched serum and urine samples collected
from 90 women pregnant with singletons enrolled at Yale-New Haven Hospital from June
2004 to May 2007. The Yale University Human Investigation Committee approved our study
protocol and written consent was obtained from all of the participants. Subjects were recruited
from women evaluated or admitted to the Labor and Birth unit or the antepartum High and
Low Risk units. The decision to recommend admission or delivery of the fetuses was made by
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the primary physician, independent of our research protocol. The study group consisted of 45
pregnant women diagnosed with severe preeclampsia. The control group consisted of 45
women matched one to one for maternal and gestational age at enrollment that appeared healthy
by clinical and laboratory standards at the time of enroliment. Control women were selected
from our data base prior to evaluation of their serum or urine TNF-a levels. None of the controls
were excluded from the final analysis. Exclusion criteria for enrollment were preexisting
proteinuria and/or hypertension, active labor, clinical symptoms suggestive of viral or bacterial
infection, known or suspected congenital malformation, and isolated intrauterine growth
restriction (IUGR). All control women had a pregnancy course uncomplicated by preeclampsia.

Gestational age was established based on last menstrual period and/or early ultrasound
evaluations (<20 weeks of gestation) in all cases.31 Severe preeclampsia was defined based
on the American College of Obstetricians and Gynecologists criteria: gestational age > 20
weeks, blood pressure of 160 mm Hg systolic or higher or 110 mm Hg diastolic or higher on
2 occasions at least 6 hours apart, and/or proteinuria of at least 5 g in a 24-hour urine specimen
or 3+ or greater on 2 random urine samples collected at least 4 hours apart.5 Other elements
of the diagnosis included: IUGR (<10th percentile), cerebral or visual disturbances (headache,
visual changes), epigastric or right upper-quadrant pain, pulmonary edema or cyanosis, oliguria
(urinary output less than 500 mL/24 h), impaired liver function, and thrombocytopenia
(<100,000 cells/pL).>

All biological samples (serum and urine) were collected contemporaneous to clinical
assessment or admission, as previously described.8 The urine sample (5-10 mL) was collected
in a sterile container (“clean catch” method or bladder catheterization if performed for clinical
indications). Blood samples were collected by venipuncture, prior to intravenous
administration of fluids and allowed to clot. Serum and urine samples were spun at 3000 x g
at 4°C for 20 minutes, and the supernatant aliquoted and immediately stored at —80°C until
analyzed.

Immunoassay procedures

ELISA assays for TNF-a were performed according to the manufacturer’s instructions using
a high sensitivity design (R&D Systems, Minneapolis, MN, www.rndsystems.com). Serum
and urine samples were assayed in duplicate with a capture monoclonal antibody directed
against human TNF-a. The assay detects the total amount of TNF-a in the sample composed
of free TNF-o and that bound to soluble receptors. Incubation protocols were performed
followed by washings and readings at 490 nm with background correction at 650 nm using a
VERSAmMax™ microplate reader with Softmax Pro 3.1.1 software (Molecular Devices,
Sunnyvale, CA). The mean minimal detectable concentration in the assays for TNF-o reported
by the manufacturer was 0.106 pg/mL. The intra- and inter-assay coefficients of variation were
<3.1% and 7.1%, respectively. Free sFlt-1 was measured by ELISA (R&D Systems) in the
same urine aliquot as previously described.8

Other biochemical estimates

Total protein concentration in serum and urine was measured using a bicinchoninic acid/cupric
sulphate reagent (BCA Kkit, Pierce, Rockford, II). Creatinine levels were measured in the same
aliquot used for immunoassays using a colorimetric assay (Stanbio Laboratory, Boerne, TX)
against standard curves derived from known concentrations. To correct for diurnal variations
in urine concentration urine levels of TNF-a, sFIt-1 and total protein were normalized to urine
creatinine and expressed per mg creatinine.

Fractional excretion indicators (clearance ratios) were calculated using the formula: (urine/
plasma analyte concentration) + (urine/plasma creatinine concentration) x 100. The fractional
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excretion of a substance represents the proportion of the substance excreted in the urine
compared with that filtered by the glomeruli. It is generally reported relative to creatinine
clearance since creatinine is neither reabsorbed nor significantly secreted. Calculations of
fractional excretion help to understand whether increased serum levels of an analyte are due
to increased production or decreased excretion.

Statistical analysis

RESULTS

Data were tested for normality using the Kolmogorov-Smirnov method and reported as either
mean with standard error (for normally distributed data) or as median and interquartile range
[1QR] (for non-normally distributed data). Comparisons were performed using paired t-test,
Wilcoxon's signed rank test and McNemar's chi-square test as appropriate. For immunoassay
results logarithmic transformations were applied before statistical comparisons were
performed. Relationships between variables (correlations) were explored using Spearman’s
Rank order correlations. Comparison between strength of correlations was achieved based on
z statistic.32 Statistical analysis was performed with SigmaStat version 2.03 (SPSS, Inc.,
Chicago, IL), SPSS version 14.0 (SPSS, Inc., Chicago, IL) and MedCalc (Broekstraat,
Belgium) softwares. A P value of less than 0.05 was considered to indicate statistical
significance. Sample size calculations were based on prior published data on urinary levels of
sFIt-1.810 |t was estimated that 17 patients in each group would be necessary to detect
differences equal to the standard deviation observed for urinary sFlt-1 concentrations
(normalized to creatinine) with 80% power and a confidence coefficient of 95% using an
unpaired t-test. For our case-control study design, a sample size of 45 per group would allow
detecting differences equal to twice the standard deviation with 90% power and an alpha of
0.05.

The demographic, clinical and outcome characteristics of the women in two groups are
presented in Table 1. There was no difference in maternal age, race, gravidity, parity or
gestational age at the time of sample collection. In the severe preeclampsia group, 11 women
(24%) had IUGR and 12 (26%) had HELLP syndrome. Twenty-five (56) of the preeclamptic
women had neurological manifestations (persistent headache, visual changes, hyperreflexia)
including eclampsia (n=3). As expected, women with severe preeclampsia had higher blood
pressure values and were significantly proteinuric by both urine dipstick and 24-hour urine
protein excretion. All preeclamptic women had an indicated premature delivery which in 96%
of cases occurred at <34 weeks while the controls delivered at a median gestational age of 38
[37-39] weeks.

We found that women with preeclampsia had significantly lower serum protein (preeclampsia:
6.3+0.2vs. control: 7.4 £0.2 g/dL, P<0.001) and higher serum creatinine levels (preeclampsia:
0.89 £ 0.05 vs. control: 0.63 + 0.04 mg/dL, P<0.001). Furthermore, our measurements of the
protein-to-creatinine ratio confirmed significant differences in total protein concentration
between preeclamptic and non-preeclamptic women in the same urine aliquot used for
assessment of TNF-a excretion (preeclampsia: 11.2 [7.0-17.3] vs. control: 7.5 [6.9-10.0] mg/
mgc, P=0.003). Similarity, we determined that urinary output of sFlt-1 was markedly elevated
in preeclampsia (114.6 [47.9-190.0] vs. control: 11.2 [4.4-17.6] pg/mg creatinine, P<0.001).
This data confirms the correct clinical classification of the women in the two groups and
demonstrates that our study was adequately powered to detect biologically relevant differences
related to preeclampsia.

In our study, preeclampsia was associated with elevated serum TNF-a (preeclampsia: 1.39 £

0.09 vs. control: 0.93 = 0.07 pg/mL, P<0.001) (Figure 1A) and sFlt-1 (preeclampsia: 2661.9
+164.2 vs. control: 384.3 £ 65.3 pg/mL, P<0.001) concentrations. However, the urinary levels
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of TNF-a were significantly decreased between groups (preeclampsia: 0.26 [0.10-0.91] vs.
control: 0.58 [0.21-1.29] pg/mg creatinine, P = .003 (Figure 1B) despite the increase in
proteinuria in preeclamptic group. Furthermore, the fractional excretion of TNF-a in women
with preeclampsia was also lower than that of normal women (preeclampsia: 0.15 [0.09-0.47]
vs. control: 0.33 [0.13-0.74], P=0.007) (Figure 2A). We found out that when normalized for
the fractional excretion of total proteins, women with severe preeclampsia had a significantly
lower excretion of TNF-a compared to normal controls (preeclampsia: 1.92 [0.46-4.20] vs.
control: 7.20 [2.4-12.10] percent, P<0.001).

To further explore the relationships between proteinuria and TNF-a renal clearance, we studied
in parallel the elimination of another factor, sFlt-1, whose serum levels were also increased by
preeclampsia. We established that in non-preeclamptic (control) pregnancies, there was a
significant and similar strength of correlation between the urinary elimination of total proteins
and that of TNF-a (R=0.531, P<0.001) and sFlt-1 (r=0.331, P=0.027, z-statistic TNF-a vs.
sFlt-1: 1.13, P=0.256) (Figure 3A). In contrast, in preeclamptic pregnancies only the
elimination of sFlt-1 correlated with the extent of proteinuria (r=0.619, P<0.001) while that of
TNF-a did not (r=—0.174, P=0.251) (Figure 3B) rendering a significant difference in the
strength and/or direction of correlation of urinary the sFlt-1 elimination versus that of TNF-o
(z-statistic: 4.12, P<0.001).

DISCUSSION

Our findings demonstrate that the fractional excretion of the inflammatory cytokine TNF-a is
significantly reduced in women with severe preeclampsia, despite proteinuria. Therefore, we
propose this impaired urinary clearance may contribute to the observed and previouslg reported
elevation in circulating levels of TNF-a in women with severe preeclampsia. 4,21,28

The TNF-a molecule is synthesized as a 26 kDa membrane-associated protein which is
enzymatically cleaved into the soluble 17 kDa cytokine. The actions of TNF-a are mediated
by two distinct cell-surface receptors (Type 1, a 55 kDa protein and Type 2 a 75 kDa protein).
Soluble forms of TNF-a receptors (STNFp55 and STNFp75) have been identified as
representing truncated forms generated by shedding of the extracellular domains of the
respective surface receptors. Both types of soluble receptors are able to bind and antagonize
the biological activity of TNF-a in an effort to modulate the cellular effects of this potent
cytokine. 3 Previous findings demonstrated that, in preeclampsia, both types of soluble TNF-
a receptors are increased in the maternal circulation in addition to TNF-0.34 Itis important to
note that normal human urine is known to contain TNF-a-binding activity which has been
attributed to excretion of the soluble receptors.‘?’5 In normal pregnancy, urinary levels of
STNFp55 and sSTNFp75 were assayed in the range of 1 ng/mL,3 a level which is 500-fold in
excess to the highest urinary TNF-a readout in our cohort (<2 pg/mL). This observation led us
prefer an immunoassay that quantifies total rather than free TNF-o. immunoreactivity. By
taking this approach, we were able to examine the renal clearance of the TNF-a. molecule and
minimize the possibility that our immunoassay results are modified by concurrent changes in
the TNF-a soluble receptors.

Compelling clinical and experimental evidence confirmed that in highly inflammatory states
such as sepsis, increased TNF-o concentration was associated with reduced survival.37 Efforts
have therefore concentrated on therapeutic strategies to effectively remove TNF-a from
circulation in hopes of promoting recovery and increasing survival.38 Studies aimed to
evaluate the role of the kidney in clearance of the inflammatory cytokines of septic patients
reveal that the kidney removes some pro-inflammatory cytokines from plasma at the onset of
the disease as long as the diuresis is maintained.39 However, in advanced sepsis characterized
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by acute renal failure and oliguria, the fractional excretion of several inflammatorg cytokines
(including TNF-c) drops and as a consequence their plasma concentration rises. 3

In humans, the role of the kidney in controlling cytokine homeostasis is well-established.40
For instance, in non-proteinuric systemic inflammatory states (such as after cardiac surgery),
the kidney preferentially filters smaller pro-inflammatory molecules (generally <20 kDa) and
less readily filters the larger anti-inflammatory cytokines (>20 kDa) and soluble cytokine
receptors. 0 Moreover, the filtered pro-inflammatory cytokines are not excreted intact in the
urine, but are absorbed in the proximal renal tubules and denatured by intracellular proteolytic
mechanisms.#1 Because previous studies demonstrated that the kidney is the main catabolic
organ of TNF-q, it seems reasonable to propose that a proximal tubular injury, even subclinical
in nature, would result in an impaired ability to inactivate reabsorbed TNF-a and would
contribute to the elevated systemic TNF-a levels.40 From this perspective, our results are
novel. Additionally, while the initiating injury in preeclampsia is generally regarded as
placental in origin, our findings underscore the potential importance of the kidney in
propagating the systemic disturbances in preeclamptic women.

The pathophysiologic events responsible for the increase in urinary protein excretion in
preeclampsia are complex and not entirely understood.#2 Possible increases in glomerular
capillary pressure, alterations in the size and/or charge selectivity of the glomerular filter,
compromised proximal tubular reabsorption are the most often posited mechanisms.42
Although the possible change in charge selectivity of the glomerular barrier in preeclampsia
is still a subject of active debate, studies have shown that despite 100-fold increases in urinary
albumin excretion, fractional excretion of neutral dextrans of comparable molecular weight
was decreased.#2 This loss of charge selectivity in preeclampsia could thus explain why the
relative excretion of TNF-a is reduced while excretion of total proteins and sFlt-1 increases.
Further studies are warranted to describe and clarify the mechanisms responsible for altered
kidney handling of this potent cytokine in preeclampsia, and to evaluate if similar mechanisms
apply in renal dysfunction patients with and without chronic proteinuria.

In summary, preeclampsia is associated with reduced TNF-a clearance compared to other
proteins, despite increased systemic levels.
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Figure 1. Serum and urine levels of TNF-a in preeclampsia

Serum (A) and urine TNF-a (B) concentration (normalized for urinary creatinine) in women
with severe preeclampsia (PE) versus pregnant controls. The data (in logarithmic format) is
presented as percentiles with median. The ends of the boxes define the 25th and 75th
percentiles, the line inside the box defines the median and the whiskers show the largest and
smallest values. Statistical comparisons were performed with Student t-tests after logarithmic
transformation of data. Urinary levels were normalized to creatinine concentration and
expressed per mg creatinine (mgc).
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Figure 3. Relationships of TNF-a, sFlt-1 and total protein excretion
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Correlation analyses between the urinary elimination of total proteins and that of sFlt-1 and
TNF-a in normal (A) versus severe preeclamptic pregnancies (B). All values were normalized
to urine creatinine and expressed per mg creatinine (mgc). The thick lines represent the linear
regression between proteinuria and urinary sFlt-1 (circles) or TNF-a (squares) in logarithmic
format. The 95% confidence intervals are shown by the respective dotted lines.
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Demographic, clinical and outcome characteristics of women enrolled in the study

Variable Severe Preeclampsia N=45 Control N=45 P value
Maternal characteristics at enrollment
Age, years T 27 [20-35] 28 [22-31] 0.618
Non-caucasian race 26 [58] 22 [49] 0.556
Weight, kg ¥ 88+3 85+5 0.324
Gravidity T 2[1-3] 2[1-3] 0.706
Parity | 0[0-1] 1[0-1] 0612
Nulliparity, n [%] 3 26 [58] 20 [44] 0.239
Gestational age, weeks + 29.1+£0.5 301+04 0.147
Systolic blood pressure, mmHg ¥ 169+3 109+3 <0.001
Diastolic blood pressure, mmHg + 102+2 65+2 <0.001
Proteinuria - urinary dipstick - 3[2-4] 0 [0-0] <0.001
24h-protein excretion, grams/24h T 2.5[1.3-4.1] NA NA
Neurological manifestations 25 [56] 0[0] <0.001
IUGR, n [%] 8 11 [24] 01[0] 0.003
HELLP, n [%] 8 12 [27] 0[0] 0.002
Outcome characteristics
Gestational age at delivery, weeks T 31[28-33] 38 [37-39] <0.001
Delivery <34 weeks, n [%] § 43 [96] 0[0] <0.001
Indicated delivery, n [%] § 45[100] 0[0] <0.001
Enrolment-to-delivery interval, days T 1[0-2] 59 [47-85] <0.001

7‘Data presented as median [interquartile range] and analyzed by Signed-Rank tests.
iData presented as mean + standard error and analyzed by paired t-tests.

§Data presented as n (%) and analyzed by McNemar’s tests.
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