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Abstract

World-wide, millions of women enter preterm labor or have small newborns. Effective biomarkers are needed to identify women at risk for

these adverse outcomes. A time and cost effective way to examine any potentially new biomarkers in samples collected during prior studies or
trials that had been assayed for other metabolites would be highly useful. Thus, the current study aimed to determine if samples that had been
previously thawed and re-frozen could be re-assayed for novel biomarkers, those being lipoprotein composition (sizing, proteome, lipids) and
combined cholesterol and cytokine concentrations. Fasting blood was collected from 51 young non-pregnant women and plasma was analyzed
for lipoprotein composition and cytokine concentrations after multiple freeze/thaw cycles in the cold or at room temperature and after being stored
for 18 months. Plasma LDL-C, HDL-C, total cholesterol, and triglyceride concentrations decreased <6-7% (cholesterols) or <20% (triglyceride)
after 7 thaws in the cold, 3 thaws at room temperature, and after 18 months of storage. As these decreases were less than day-to-day reported
variation of lipids, they do not appear to be physiologically significant. Cytokine (IL-6, TNF a, IL-8, IL-18) and hsCRP concentrations decreased
by 22%, 8%, 8%, 22%, and 35%, respectively; only IL-6, IL-1B and hsCRP concentrations showed significant decreases greater than day-to-day
variations of 20%. For measured triglyceride and cytokine, but not cholesterol concentrations, decreases with freeze/thaw cycles were greater
when concentrations were elevated. Multiple thaws also led to changes in lipoprotein sizing, specifically to a shift from medium- and large-sized
HDL particles to small-sized HDL particles and from large LDL to IDL. No changes occurred for VLDL particle numbers. Though particle sizes
changed, the HDL proteome did not change with multiple thaw cycles or after long term storage. Overall, the results demonstrate that it is possible
to use previously obtained frozen samples for plasma cholesterol and triglyceride levels and the lipoprotein proteome, and lipoprotein sizing and

cytokine concentrations if one knows the history of the sample as changes should be relative to one another.
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Introduction

New biomarkers are needed to identify women at risk for adverse
pregnancy outcomes, including those having infants with low birth weight
(LBW) or that are born preterm (preterm birth; PTB). In fact, world-wide
there are greater than 22 million LBW and 15 million PTB infants born
each year [1,2]. Preemptive identification of women at risk of adverse
pregnancy outcomes would allow for women at high risk to be targeted
for monitoring or interventions to improve outcomes. This is especially
true in resource-poor settings where a majority of the infants with LBW or
PTB are born [1,2] and where medical help is not readily available. While
there are known mediators of fetal growth (nutrition, placental function)
and preterm birth (cervix length, previous preterm birth, spacing between
pregnancies), there are many newborns with idiopathic causes of LBW or
PTB. In fact, in the past five years, there are over 800 articles in Pub Med
evaluating potential biomarkers for preterm birth and over 350 articles
evaluating potential biomarkers for low birth weight infants.

Though a number of previous studies have examined cytokines in
the maternal circulation as potential biomarkers for preterm birth
or low birth weight infants, less than 50 publications have presented
maternal lipid levels and only one has examined lipoprotein size or the
lipoprotein proteome, the best current indicators of metabolic lipid

disorders and disease states [3-5]. It is surprising that more studies have
not looked for a potential relationship between cholesterol and adverse
pregnancy outcomes because cholesterol is a precursor for estradiol and
progesterone, is a key component of every membrane, and is concentrated
in parts of the membrane where intracellular signaling often originates.
Likewise, lipoproteins are the route by which lipids, such as cholesterol,
and a number of metabolically active proteins, such as those with anti-
inflammatory functions, are transported between tissues. Of the few that
have examined maternal cholesterol and adverse pregnancy outcomes,
associations include positive, negative, or null. Thus, it may not be a simple
measurement of maternal cholesterol or lipid levels, but the lipoprotein
composition or the combination of various factors that contribute to the
adverse outcomes. For example, it has been just recently hypothesized
that maternal lipoprotein-cholesterol and cytokine concentrations (low
HDL-C and high TNFa concentrations) are a biomarker for preterm birth
only when combined [6].

The ability to assay previously collected samples would be a very time
and cost effective way to test if any newly discovered biomarkers are
associated with adverse pregnancy outcomes. As the lipoprotein proteome
is a relatively recent marker for lipoprotein function and disease processes,
no studies have determined if lipoprotein composition (sizing, the
proteome, lipid concentrations) changes with multiple freeze/thaw cycles.
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Likewise, the impact of freeze/thaw using the current Multiplex systems
and under the same conditions used to study lipoprotein composition
after several freeze/thaw cycles are unknown. Thus, the goal of this study
was to determine if samples previously collected and analyzed for various
metabolic factors can be re-assayed for lipoprotein composition and/or
cytokines. Results obtained can be applied to any studies interested in
lipoprotein composition and/or cytokine levels, however, and not just
studies focused in adverse pregnancy outcomes.

Research design and Methods

Human participants: Up to 30 ml of blood was collected from 51
healthy non-pregnant young women, aged 18-44 years old, at the Clinical
Translational Research Center (CTRC) at Cincinnati Children’s Hospital
Medical Center (CCHMC). Blood was collected after an overnight fast
and plasma separated immediately. Plasma was aliquoted so that there
was a separate tube for each assay and for every thaw (see Figure 1). For
the lipoprotein sizing and the HDL proteome, plasma from 8 women were
combined to obtain 6 samples. All samples were placed in -80°C freezer.
Samples thawed in the cold were placed in racks on a tube rotator in the
cold room until samples were thawed; it took at 2-3 hr for samples to thaw.
Samples thawed at room temperatures were placed in a room temperature
water bath until thawed, which took less than 30 min. Once fully thawed,
samples were placed back in the freezer, until the next thaw. The final thaw
occurred in the manner typical of the assay being run. Thus, there were
up to 7 thaws for samples thawed in the cold and 3 thaws for samples
thawed at room temperature. This regime was used as plasma to be used
for metabolites is often thawed in the cold or on ice, but sometimes at
room temperature for rapid thaws. These samples were assayed within
2-5 months of collection. One set of tubes was left in the freezer for
18 months prior to analysis. The collection and use of samples were
approved by the Institutional Review Board (IRB) at the University of
Cincinnati.

Plasma lipoprotein-cholesterol and triglyceride concentrations

Plasma was analyzed for LDL-cholesterol (LDL-C), HDL-cholesterol
(HDL-C), total cholesterol, and triglyceride levels using a Roche reagent
on a Roche/Hitachi Cobas ¢ systems auto analyzer (Roche Diagnostics,
Indianapolis, IN). LDL- and HDL-C were directly measured using second
and third generation assays [7], respectively. Assays were run in the
Biochemistry Core at CCHMC.

Plasma cytokine concentrations

Cytokine (IL-1B, IL-6, IL-8,TNFa) concentrations in the sample
supernatants were determined by enzyme-linked immunosorbent assay
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Figure 1: Scheme for thawing and refreezing samples at room
temperature or in the cold. The final thaw was under the conditions of
each typical assay.

(ELISA) using Milliplex™ Multiplex kits (Millipore, Billerica, MA). Assays
were run in the Cytology Core at CCHMC. Samples with values below the
detection limit were assigned levels of 0.03 mg/L (halfway between the
lowest detection limit and 0).

Plasma hsCRP concentrations

hsCRP concentrations in the sample supernatants were determined by
ultra sensitive enzyme-linked immunosorbent assay (ELISA) from Cal
biotech (Cal biotech, El Cajon, CA). Assays were run in the Cytology Core
at CCHMC. Samples with values too high were assigned levels of 40 mg/L
and those less than detection were assigned levels 0.03 mg/L.

Plasma apoA-I concentrations

Samples were assayed for dpolipoprotein A-I (dpo A-I) using an ELISA
assay produced by Mabtech. Any sample with values >4.5 mg/ml was not
included in the analysis as this value is routinely re-run; samples from 9
participants were not used in the analyses.

Lipoprotein sizing

Samples of the lipoprotein particle analysis by proton NMR
spectroscopy were shipped on dry ice to NIH. Particle concentrations
of lipoproteins of different sizes were calculated from the measured
amplitudes of their spectroscopically distinct lipid methyl group NMR
signals [8,9]. Weighted-average lipoprotein particle sizes are derived from
the sum of the diameter of each subclass multiplied by its relative mass
percentage based on the amplitude of its methyl NMR signal.

HDL proteomics

Frozen plasma was thawed, and non-apoB lipid-containing particles
were isolated and consisted of primarily HDL; HDL was not isolated by
ultracentrifugation because of known losses in the HDL proteome during
ultracentrifugation [10]. Proteins devoid of lipids were separated from the
lipid-bound proteins with calcium silicate hydrate (lipid removal agent,
LRA) [11]. Lipid-bound proteins were digested overnight with trypsin
and prepared for mass spectrometry as described [12].

Statistics

Data are presented as individual measurements for each participant for
lipid, apoA-I, and cytokine concentrations. Plasma was pooled for some of
the assays and each pooled sample is presented for the lipoprotein sizing
and HDL proteomics. To achieve normality and allow for convenient
ratio interpretation of effects, data were analyzed by repeated-measures
ANOVA on log-transformed values, and results are back-transformed to
the original scale (i.e., effects of repeated thaws are expressed as estimates
of ratios and their confidence intervals). All values were compared to the
first thaw in the cold except for the 18 month samples. As these samples
were assayed using different reagents we compared these data to those
obtained in the first thaw by paired t-tests after log-transforming values.
We did not employ conventional null hypothesis tests (of whether ratios
are equal to one) for two reasons. First, some endpoints showed very little
intra-individual variation (small coefficient of variation), so differences
between conditions could be shown to be non-null yet small enough
to be scientifically insignificant, as defined below. Conversely, where
variation was substantial, ratios had wide confidence intervals, such that
neither null effects nor substantial effects could be ruled out (possible
Type II error). To mitigate against these issues, we deemed differences
for cholesterol, LDL-C, and HDL-C concentrations greater than 6%, 7%,
or 6% or differences for triglyceride or cytokine concentrations greater
than 20% as scientifically significant [13-15]. For the pooled samples in
which there were multiple measurements of sizing or the proteome, we
used conventional statistics that were initially unadjusted for the number
of proteins analyzed analyzed and then adjusted for multiple testing using
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the Bonferroni correction, and were not log-transformed. All averaged
data are presented as means * SD.

Results

Plasma triglyceride and lipoprotein-cholesterol concentrations for
each thawed sample from every participant are shown in Figure 2 and
averaged values are found in Table 1. Interestingly, statistically significant
differences occurred as soon as the second thaw for HDL-C concentration
with a decrease of 0.3 mg/dl in concentration, the third thaw for LDL-C
(0.7 mg/dl decrease) and total cholesterol concentrations (1.1 mg/dl
decrease), and the fourth thaw for triglyceride concentration (3.1 mg/dl).
Thawing at room temperature had little effect when compared to thawing
in the cold. The greatest effects occurred after 7 thaws in the cold and
included percent decreases of 3.5 + 0.5,2.2 £ 0.2,4.5 £ 0.7 and 8.6 + 1.1%
for LDL-C, HDL-C, total cholesterol, and triglyceride concentrations,
respectively. After being stored for 18 months, concentrations of all lipids
were not different from values of samples that had only been thawed the
original time. The reductions in measured concentrations from the first to
seventh thaw were similar for the participants with the 10 highest and 10
lowest values for LDL-C, HDL-C, and total cholesterol (all comparisons
were within 4%). However, there was a greater decrease (14.7%) of plasma
triglyceride concentrations for the 10 highest values versus the 10 lowest
values (0.4%).

Plasma cytokine and hsCRP measurements were also changed
significantly with freeze/thaw cycles (Figure 3 and Table 1) and to a
greater extent than that for lipids. There were significant decreases in
concentrations of all inflammatory markers with freeze/thaw cycles,
with less of an effect when thaws were at room temperature. While
the concentrations of TNF a and IL-8 changed less than a day-to-day
variation of 20%, and were 8% and 8% respectively by the seventh thaw,
the concentrations for IL-6, IL-1p and hsCRP decreased 22, 22, and 35%
by the seventh thaw, respectively. After 18 months of storage, IL-8 and
TNF a concentrations changed little whereas IL-6 and IL-1p decreased
markedly. Unlike other factors, measured hsCRP concentrations increased
after being stored for 18 months. Even though the subjects appeared to
be healthy, there were 5 participants with elevated hsCRP that were too
high to measure and thus concentrations were set at 40 mg/L and two

subjects with IL-1pB, IL-6, TNF a, and IL-8 measured values excessively
elevated in the initial thaw. When we removed the hsCRP values from the
averages, new averages were 3.8 £ 54,34+ 4.8,35+51,34+50,32%
4.9,3.4+5.1,and 2.6 £ 4.5 pg/ml for the 5 cold and two room temperature
thaws respectively. When the two participants with the highest values for
cytokines were removed, new averages for IL-6 were 2.2 + 2.2, 2.0 + 2.4,
1.9+2.0,2.1£2.4,1.9+2.4,2.1+2.3,and 2.2 £ 2.3 pg/ml, for TNF a were
120+3.7,11.6 +3.7,11.8 £+ 3.7,11.4 + 3.3, 11.3 + 3.4, and 11.5 *+ 3.8, for
IL-8 were 6.4 + 3.4,6.2 +3.4,6.1 +3.4,6.5+3.8,6.2 +3.6,6.2+ 34, and
6.6 = 3.7 pg/ml, and for IL-13 were 1.3 £ 1.7, 1.2 £ 1.4,1.1 £ 15,12 +
1.6,1.1 +1.6,1.1 £ 1.3, and 1.2 + 1.8 pg/ml, for the 5 cold and two room
temperature thaws, respectively.

ApoA-I concentrations are presented in Figure 4 and Table 1. As
with the other parameters, there was a statistically significant decrease
in concentrations that occurred with multiple thaws in the cold (13%
decrease) but little change with three thaws at room temperature. After 18
months of storage, apoA-I concentrations increased 40%, with the greatest
increases occurring in the samples with the highest concentrations
originally. Possibly the most significant physiological change that
occurred with the multiple thaws was a shift in the size of lipoproteins.
One or two thaws had little impact on lipoprotein sizing. However, after
3 freeze/thaws, there was a decrease in the number of medium and large
HDL particles associated with a near doubling in the number of small
HDL particles (Figure 5 and Table 2). Interestingly, three thaws at room
temperature had little effect on sizing, nor did long term storage. LDL
particle size also shifted with a decrease in large LDL and an increase in
IDL (Figure 6 and Table 2). There was little effect of freeze/thaw cycles on
sizes of VLDL particles (Figure 7 and Table 2).

Finally, the proteome of apo B-depleted lipid-containing particles,
made up primarily of HDL, was determined by mass spec and showed
a total of 86 different peptides. We analyzed the top 40 peptides, as those
proteins were consistently present in all samples. The peptide counts for
the most abundant apolipoproteins are presented in Figure 8 and Table
3. ApoA-I was the apolipoprotein with the greatest number of peptide
counts, and was second in abundance to complement C3; albumin was
also present in the samples due the high levels of albumin in blood. There

Measurement
(COLD)
Lipid (mg/dl)
LDL-C 94.3+29.0 93.7+29.3 93.2+29.1* 92.9 + 29.0¢ 90.8 + 27.8* 93.9 +29.1 93.3+£28.9 | 93.8+29.7
HDL-C 61.1+18.2 60.5 + 18.4* 60.1 £ 18.3* 59.9 + 18.3* 58.9+ 17.9* 60.3 + 18.1 59.9 + 18.1 64.7£19.4
TC 178.5 + 38.0 178.2+ 38.6 176.8 +38.1* | 176.8+37.7* | 174.1 £ 36.6* 177.7+38.0 | 177.1+38.2 | 170.8 £ 35.8
TG 91.9+43.2 91.8+41.5 90.0 £ 39.3 88.5 + 39.0* 83.4 + 34.4* 91.5+42.6 88.6+39.4 | 84.7+379
Cytokines (pg/ml)
IL-6 27+38 23+3.2" 25+5.0* 24+31* 2025 26+4.2* 25+29* 2.0+3.8"
TNFa 14.8+14.3 13.3+9.5% 12.8+9.3* 13.7+10.6 13.1+£10.7* 13.9+14.7 13.6+12.7 12.3+4.3
IL-8 7480 6.8+5.7 6.8+6.1* 7.1+65.9 6.8 +5.4* 7.0+6.5 72+59 9.8+134
IL-18 46+17.8 43+194 3.2+11.5* 3.9+15.7* 3.6+155*Y 44+19.8 75+419 21+74*
hsCRP (mg/L) 7.1+10.6 6.4 +£9.4* 6.1+8.4* 6.1+ 8.5* 56+7.9*¥ 5.5+6.9* 47+6.4* 10.7 + 14.5*
apoA-I (mg/ml) 1.5+0.6 1.3+0.5* 1.3+0.8 1.3+0.6* 1.3+0.7* 1.4+0.9* 1.5+0.9 21+0.7*

Table 1: Plasma levels of lipids, cytokines, hsCRP, and apoA-I after thawing samples multliple times in the cold or at room temperature and after long-term

storage.

Data are presented as means + SD for 51 individual participants. *represents statistically significant differences from the first thaw (P<0.05). “represents
values that are physiologically different from the first thaw based on previously reported day-to-day variations of lipid, cytokine, and hsCRP concentrations.
Comparisons were made between cold thaws, between the first cold thaw and the thaws at room temperature and between the first cold thaw and the
thaw of the sample stored for 18 months.
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Measurement 1
(COLD) (18 mos)

Lipoprotein -NMR

HDL

Particle # 354+1.9 355+20 352+23 35.0+25 33.7£1.3* 34.7+2.1 36.1+2.3 350+22
Avg size (nm) 10.0+0.2 9.9+0.2 99+0.2 99+0.2 9.9+0.2 10.0+0.1 9.9+0.2 10.0+0.2
Small HDL (#) 6.9+47 99+28 10.1 £ 3.0* 125+ 4.0* 121 +£3.7* 74%5.0 8.2+45 10.7+3.2
Medium HDL (#) 18.7+4.1 15.8+3.6 154 +3.8 129+ 3.7 12.3+4.2* 176+4.9 179+46 14.8+2.7*
Large HDL (#) 9613 9.2+1.6* 9.1+1.7* 9.1+1.8* 8.5+ 1.6* 92%15 9514 9.1+1.6
LDL

Particle # 834 + 159 842 + 191 845 + 185 845 + 198 761+ 140 767 + 126 817 £ 170 818 + 166
Avg size (nm) 20.8+0.4 209+04 20.8+0.2 20.6 £ 0.3 20.8+0.4 20.7£0.3 20.8+0.4 20.8+0.3
Small LDL (#) 248 + 194 252 + 240 255+ 191 288 + 177 261+ 162 242 + 122 207 + 122 202 + 179
Large LDL (#) 396 + 153 393 + 148 322+72 238 + 135* 195 + 124* 285+ 106 338+ 136 326 + 113
Very large LDL (#) 914 + 148 991 + 160 983+ 170 920 + 184 895 + 137 864 + 117 932 + 139 907 + 158
IDL (#) 116 £ 55 122 £ 95 182 + 84 234 + 127* 228 + 57* 163 £ 47 200 + 81 222 + 87*
VLDL

Particle # 41.0+7.3 48.1+6.1 42.0+9.2 40.1+£11.9 37.7+10.6 37.9+8.1 416141 405+ 11.0
Avg size (nm) 49.1+2.1 472+17 48.7+2.1 50.1+2.3 50.5+2.2 50.6 +2.2 491+14 498+1.8
Small VLDL (#) 27.1+9.0 33.7+3.3 26.2+9.1 26.8+8.4 28.7+8.4 23.4+3.2 28.6+4.4 247+6.5
Medium VLDL (#) 14.4+9.2 145+5.3 16.3+5.1 13.8+4.2 9.6+20 15.4+5.0 13.2+34 14245
Large VLDL (#) 27+04 3.0+£1.2 29+0.8 28+0.6 27+0.8 3.0+1.0 31+1.1 27108

Table 2: The number and size of lipoprotein particles after multiple freeze thaw cycles in the cold or at room temperature and after long-term storage.
Data are presented as means + SD for 6 pooled samples. * represents significant differences from the first cold thaw (P<0.05). Comparisons were made
between cold thaws, between the first cold thaw and the thaws at room temperature and between the first cold thaw and the thaw of the sample stored for
18 months.
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were collected from 51 healthy young women aged 18-44 years old.
Total cholesterol (A, B), LDL-C (C, D), HDL-C (E, F), and triglyceride (G,
H) concentrations were measured in each of the aliquots thawed 1, 2, 3,
4 or 7 times in the cold and 1 or 3 times at room temperature. Each point
represents an individual participant.

are presented as means + SD. *represents significant differences
between multiple thaws and the first thaw in the cold (P<0.05) not
correcting for the multiple number of comparisons. No proteins were
different from the first thaw in the cold when corrected for the number of
proteins compared.
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Figure 3: Plasma cytokine concentrations after multiple thaws in the cold
(left panels) or at room temperature (right panels). Samples were the
same as those in Figure 1. hsCRP (A, B), TNFa (C,D), IL-6 (E, F), IL-8
(G, H), and IL-1B (I, J) were measured in each of the aliquots thawed
up to 7 times in the cold or 3 times at room temperature. Each point
represents an individual participant. It should be noted that there were
two participants with excessively high values of some of the cytokines
and are not on the graph; concentrations for IL-13 not shown were 49,
23, 82, 32 and 18 pg/ml(participant A) and 117, 136, 76, 106, and 108
pg/ml (participant B), for IL-6 were 24, 17, 32, 16, and 6 pg/ml (A), for
TNFa were 74, 45, 56, 48 and 26 pg/ml (A) and 88, 64, 52, 73, and 81
pg/ml (B).
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Figure 4: ApoA- | concentrations after multiple thaws in the cold (left
panel) or at room temperature (right panel). Samples were the same
as those described in Figure 1. ApoA-l was measured in each of the
aliquots thawed up to 7 times in the cold or 3 times at room temperature.
Each point represents an individual participant.

Figure 5: HDL particle counts and average HDL size in samples
described in Figure 1 thawed multiple times in the cold (left panels) or
at room temperature (right panels). Each data point represents plasma
from participants described in Figure 1 that were pooled (8 samples
pooled).Total HDL particle count (A, B) and particle counts of small HDL
(C, D), medium HDL (E, F), and large HDL (G, H) were measured by
NMR. The average size of HDL particles were also determined (1, J).
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Figure 6: LDL particle counts and average LDL size in pooled samples
described in Figure 5 thawed multiple times in the cold (left panels) or
at room temperature (right panels). Total LDL particle count (A, B) and
particle counts of small LDL (C, D), large LDL (E, F), very large LDL (G,
H), and IDL were measured by NMR. The average sizes of LDL particles
were also measured (1, J).
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Figure 7: VLDL particle counts and average VLDL size in pooled
samples described in Figure 5 thawed multiple times in the cold (left
panels) or at room temperature (right panels). Total VLDL particle count
(A, B) and particle counts of small VLDL (C, D), medium VLDL (E, F), and
large VLDL (G, H) were measured by NMR. The average sizes of VLDL
particles were also measured (I, J). Each data point represents plasma
from participants described in Figure 6.
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Figure 8: Peptide counts of proteins associated with HDL that are related
to lipid metabolism (apolipoproteins) or were changed with freeze/thaw
cycles (fibrinogen); up to 86 different proteins were detected on the
HDL particles of different participants. Peptide counts for apoA-I (A,
B), apoA-1V (C, D), apoA-Il (E, F), apoC-Ill (G,H), and fibrinogen (I,
J) were measured by mass spec in samples thawed up to 7 times in
the cold (left) and up to 3 times at room temperature (right). Each
data point represents pooled plasma from participants as described
in Figure 5.

When adjusted for the number of comparisons, there were no effects of
thawing on the proteome.

Discussion

A large number of studies have examined the ability of various
metabolites to be used as biomarkers for adverse pregnancy outcomes.
The ability to go back and analyze these stored samples for new potential
biomarkers for LBW or PTB infants, or other disease states would be very
time and cost effective and could lead to a quicker intervention or method
of detection. The aim of the current study was to determine if samples
thawed a number of times could still yield results that are physiologically
relevant when novel biomarkers are assayed. This is the first report to
show effects of freeze/thaw cycles on novel biomarkers lipoprotein sizing
and the lipoprotein proteome. This is not the first report to study the effect
of freeze/thaw cycles on concentrations of plasma lipids or cytokines, and
there are even reports summarizing the data from previous studies [16-
21]. However, none of the previous studies compared the impacts of many
thaws on lipid and inflammatory factor concentrations in both the cold
and at room temperature. Many did not evaluate the current generation
of assays as well.

Unlike previous studies that showed no effects of freeze/thaw cycles on
plasma cholesterol and triglyceride concentrations, we found statistically
significant decreases in concentrations of all plasma lipids with freeze/
thaw cycles due to the high precision of the repeated measures of 51
participants. This is apparent as some of the significant decreases occurred
as early as the second thaw and with decreases of merely 1%. As there have
been reports of as little as 6%, 7%, and 6% day-to-day variation of plasma
cholesterol, LDL-C and HDL-C levels, respectively [13-15], a reduction
of concentration with as little as 1% is less that the day-to-day variation.
Measurements less than the day-to-day variation, which accounted for
lipid concentrations after all manipulations, were thus considered non-
significant. Even triglyceride concentrations, which decreased 10% by
the seventh thaw, were still less than the day-to-day variation reported
for triglycerides (20%), and was considered a non-physiological decrease
as well [13-15]. Even though there was a statistical decrease, the same
percent change occurred for values that were the greatest and the least
LDL-C, HDL-C and total cholesterol concentrations. In contrast, there
was a greater decrease in measured triglyceride concentrations for the
greatest vs least values.

Due to recent studies which suggest that lipoprotein-cholesterol
concentrations are not really indicative of lipoprotein metabolism
and dysregulation, lipoprotein size and proteome were also measured.
Though sizing of lipoproteins is only a snapshot of metabolism, it is a
better indicator of altered metabolism. For example, small HDL particles
are thought to be best at effluxing cholesterol out of cells whereas larger
HDL may be taken up more readily by tissues. While the ability of take
up cholesterol from cells was always thought to be the key function of
HDL, it is now thought that HDL could deliver various factors to tissues
as HDL particles carry >90 proteins and >100 different lipids, many of
which are bioactive [4, 5,22-24]. In the current study, even though the
average size of HDL particles did not vary with an increasing number
of freeze/thaw cycles, medium- and large-sized HDL particles appeared
to be converted to small HDL particles with an increasing number of
cycles. The standard deviation of the number of different sized particles
did not increase suggesting that a similar shift in particle size occurred
for all particles and comparisons between groups would be relative. Thus,
sizing of HDL can be analyzed in stored plasma, as long as samples are all
thawed an equal number of times and one is aware that there could be an
exaggerated increase in the number of smaller HDL particles. Though the
sizes differed, there was no effect of freeze/thaw on the amount of peptide
counts for each protein carried by HDL, including the apolipoproteins.
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We also determined the impact of freezing and thawing on LDL and
VLDL sizing. VLDL sizing did not change with freezing and thawing
of samples. There was a decrease in the number of large LDL and an
increase in the number of IDL, however. As the internal non polar core
of the particle would need to be increased by lipids for this to occur, it
is possible that either some of the core triglyceride or cholesteryl ester
from medium and large HDL blebs off and combines with the large LDL
to form IDL or LDL particles fuse together to form IDL. Unlike HDL,
the standard deviation for large LDL increases with increasing number
of thaws suggesting that not all particles change the same with thawing in
the cold. Thus, it appears that as long as samples have been thawed three
times, sizing can be performed. More than three thaws would suggest
potential misrepresentation of the number of large LDL particles. As LDL
heterogeneity is the cause of various functions of different sized LDL and
IDL particles [25, 26], it is important to know the number of thaws before
interpreting data obtained.

Cytokine concentrations were also measured and do not appear to be as
constant as being lipoprotein-cholesterol and triglyceride concentrations
when samples are repeatedly thawed and refrozen. Previous studies have
shown marked differences in responses from very little effect of freezing
and thawing on cytokine and CRP measurements to dramatic effects [27-
30]. Using the newer Multiplex methodology, we found that IL-6, IL-1f,
and hsCRP concentrations decreased as the number of thaws increased,
whereas IL-8 and TNFa concentrations did not vary significantly, using
20% day-to-day variability as our cut off for physiological changes [28-
30]. Importantly, the most marked decreases in concentration after
multiple freeze/thaw cycles were those in samples with markedly elevated
concentrations. When averages were recalculated after removing the
samples with the greatest measured values, thawing and refreezing
samples had reduced effects on cytokine concentrations.

In summary, we have found that there are statistically significant
decreases in circulating levels of lipoprotein-cholesterol, triglyceride, and
cytokines with multiple freeze thaw cycles and with long term storage;
one limitation of this study was that the long term storage was only 18
months. For the lipids, though significant, changes were relatively small
and would be less than that which would occur from day-to-day variation.
TNF o and IL-8 had relatively small reductions with multiple freeze/thaw
cycles, whereas IL-6, IL-1B, and hsCRP had more significant reductions in
measured concentrations by the seventh thaw. Interestingly, the greatest
reductions in measured concentrations in hsCRP and plasma cytokines
occurred in samples with greatly elevated concentrations. The greatest
impact of repeated thawing and refreezing of samples was in a shift of
HDL particle size from larger to smaller particles, without a change in the
HDL proteome, and a shift of large LDL to IDL. As standard deviations do
not increase with the number of thaws for HDL and IDL, samples should
all change relatively similarly. However, the effect of repeated freeze/
thaw cycles did lead to an increase in the standard deviation of large LDL
particles such that particle number could be underestimated in some
groups as changes were not consistent in all samples. Therefore, as
long as all samples are handled similarly and one knows the number of
times samples have been previously thawed, re-assaying samples from
previous studies cytokine concentrations and lipoprotein composition,
is appropriate and will aide in defining new biomarkers more rapidly
and efficiently.

Acknowledgement

Funding for this research was supported by a phase II Grand
Challenges Award from the Bill & Melinda Gates Foundation (LAW). The
authors thank the Biochemistry and the Research Flow Cytometry Cores
at Cincinnati Children’s Hospital Medical Center for sample analyses,
and the Clinical Translational Research Center (CTRC) at Cincinnati
Children’s for sample collection and preparation. The services of the

CTRC are supported by the Clinical and Translational Science Award
(CTSA) number UL1 TR001425.

References
1. Marchofdimes, A fighting chance for every baby.
2. UNICEF, Monitoring the Situation of Children and Women.

3. Davidson WS (2014) HDL-C vs HDL-P How change in one letter could
make a difference in understanding the role of high-density lipoprotein
in disease. Clin Chem 60: 11.

4. Karathanasis SK, Freeman LA, Gordon SM, Remaley AT (2017) The
changing face of HDL and the best way to measure it. Clin Chem 63:
196-210.

5. Vickers KC, Remaley AT (2014) HDL and cholesterol:life after the
divorce? J Lipid Res 55: 4-12.

6. Jeliffe-Pawlowski LI, Ryckman KK, Bodell B, O-Brodvich HM, Gould
JB, et al. (2014) Combined elevated midpregnancy tumor necrosis
factor alpha and hyperlipidemia in pregnancies resulting in early
preterm birth. Am J Obstet Gynecol 211: e1-e9.

7. Miller WG, Myers GL, Sakaurabayashi |, Bachmann LM, Caudill
SP, et al. (2010) Seven direct methods for measuring HDL and LDL
cholesterol compared with ultracentrifugation reference measurement
procedures. Clin Chem 56: 977-986.

8. Mora S, Otvos JD, Rifai N, Rosenson RS, Buring JE, et al. (2009)
Lipoprotein particle profiles by nuclear magnetic resonance compared
with standard lipids and apolipoproteins in predicting incident
cardiovascular disease in women. Circulation 119: 931-939.

9. Otvos JD, Jeyarajah EJ, Cromwell WC (2002) Measurement issues
related to lipoprotein heterogeneity. Am J Cardiol 90: 22i-29i.

10. Kunitake ST, Kane JP (1982) Factors affecting the integrity of high
density lipoproteins in the ultracentrifuge. J Lipid Res 23: 936-940.

11. Gordon SM, Deng J, Lu LJ, Davidson WS (2010) Proteomic
characterization of human high density lipoprotein fractionated by gel
filtration chromatography. J Proteome Res 10: 5239-5249.

12. Gordon SM, Li H, Zhu X, Shah AS, Lu LJ, et al. (2015) Comparison
of the mouse and human lipoproteome: suitability of the mouse model
for studies of human lipoproteins. J. Proteome Res 14: 2686-2695.

13. Smith SJ, Cooper GR, Myers GL, Sampson EJ (1993) Biological
variability in concentrations of serum lipids: sources of variation among
results from published studies and composite predicted values. Clin
Chem 39: 1012-1022.

14. Bookstein L, Gidding SS, Donovan M, Smith FA (1990) Day-to-
day variability of serum cholesterol, triglyceride, and high-density
lipoprotein cholesterol levels. Impact on the assessment of risk
according to the national cholesterol education program guidelines.
Arch Intern Med 150: 1653-1657.

15. Schectman G, Sasse E (1993) Variability of lipid measurements:
relevance for the clinician. Clin Chem 39: 1495-1503.

16. Paltiel L, Ronningen KS, Meltzer HM, Baker SV, Hoppin JA (2008)
Evaluation of freeze thaw cycles on stored plasma in the Biobank of
the Norwegian mother and child cohort study. Cell Preserv Technol
6: 223-230.

17. Cuhadar S, Koseoglu M, Atay A, Dirican A (2013) The effect of storage
time and freeze-thaw cycles on the stability of serum samples.
Biochemia Medica 23: 70-77.

18. Guo GH, Dong J, Yuan XH, Dong ZN, Tian YP (2013) Clinical evaluation
of the levels of 12 cytokines in serum/plasma under various storage
conditions using evidence biochip arrays. Mol Med Rep 7: 775-780.

Citation: Rebholz SL, Melchior JT, Welge JA, Remaley AT, Davidson WS, et al. (2017) Effects of Multiple Freeze/Thaw Cycles on Measurements of
Potential Novel Biomarkers Associated With Adverse Pregnancy Outcomes. J Clin Lab Med 2(1): doi http://dx.doi.org/10.16966/2572-9578.107


http://dx.doi.org/10.16966/2572-9578.107
http://www.marchofdimes.org/
https://data.unicef.org/
https://www.ncbi.nlm.nih.gov/pubmed/25281702
https://www.ncbi.nlm.nih.gov/pubmed/25281702
https://www.ncbi.nlm.nih.gov/pubmed/25281702
https://www.ncbi.nlm.nih.gov/pubmed/27879324
https://www.ncbi.nlm.nih.gov/pubmed/27879324
https://www.ncbi.nlm.nih.gov/pubmed/27879324
https://www.ncbi.nlm.nih.gov/pubmed/23515282
https://www.ncbi.nlm.nih.gov/pubmed/23515282
https://www.ncbi.nlm.nih.gov/pubmed/24831886
https://www.ncbi.nlm.nih.gov/pubmed/24831886
https://www.ncbi.nlm.nih.gov/pubmed/24831886
https://www.ncbi.nlm.nih.gov/pubmed/24831886
https://www.ncbi.nlm.nih.gov/pubmed/20378768
https://www.ncbi.nlm.nih.gov/pubmed/20378768
https://www.ncbi.nlm.nih.gov/pubmed/20378768
https://www.ncbi.nlm.nih.gov/pubmed/20378768
https://www.ncbi.nlm.nih.gov/pubmed/19204302
https://www.ncbi.nlm.nih.gov/pubmed/19204302
https://www.ncbi.nlm.nih.gov/pubmed/19204302
https://www.ncbi.nlm.nih.gov/pubmed/19204302
https://www.ncbi.nlm.nih.gov/pubmed/12419478
https://www.ncbi.nlm.nih.gov/pubmed/12419478
https://www.ncbi.nlm.nih.gov/pubmed/6813413
https://www.ncbi.nlm.nih.gov/pubmed/6813413
https://www.ncbi.nlm.nih.gov/pubmed/20718489
https://www.ncbi.nlm.nih.gov/pubmed/20718489
https://www.ncbi.nlm.nih.gov/pubmed/20718489
https://www.ncbi.nlm.nih.gov/pubmed/25894274
https://www.ncbi.nlm.nih.gov/pubmed/25894274
https://www.ncbi.nlm.nih.gov/pubmed/25894274
https://www.ncbi.nlm.nih.gov/pubmed/8504530
https://www.ncbi.nlm.nih.gov/pubmed/8504530
https://www.ncbi.nlm.nih.gov/pubmed/8504530
https://www.ncbi.nlm.nih.gov/pubmed/8504530
https://www.ncbi.nlm.nih.gov/pubmed/2383160
https://www.ncbi.nlm.nih.gov/pubmed/2383160
https://www.ncbi.nlm.nih.gov/pubmed/2383160
https://www.ncbi.nlm.nih.gov/pubmed/2383160
https://www.ncbi.nlm.nih.gov/pubmed/2383160
https://www.ncbi.nlm.nih.gov/pubmed/8330411
https://www.ncbi.nlm.nih.gov/pubmed/8330411
https://www.ncbi.nlm.nih.gov/pubmed/20428472
https://www.ncbi.nlm.nih.gov/pubmed/20428472
https://www.ncbi.nlm.nih.gov/pubmed/20428472
https://www.ncbi.nlm.nih.gov/pubmed/20428472
https://www.ncbi.nlm.nih.gov/pubmed/23457767
https://www.ncbi.nlm.nih.gov/pubmed/23457767
https://www.ncbi.nlm.nih.gov/pubmed/23457767
https://www.ncbi.nlm.nih.gov/pubmed/23291902
https://www.ncbi.nlm.nih.gov/pubmed/23291902
https://www.ncbi.nlm.nih.gov/pubmed/23291902

eeeeeeeeeeeeeeeeeeeee

Open Access

20.

21.

22.

23.

24.

Kale VP, Patel SG, Gunjal PS, Wakchaure SU, Sundar RS, et al.
(2012) Effect of repeated freezing and thawing on 18 clinical chemistry
analytes in rat serum. J Am Assn Lab Anim Sci 51: 475-478.

Aziz N, Fahey JL, Detels R, Butch AW (2003) Analytical performance
of a highly sensitive C-reactive protein-based immunoassay and the
effects of laboratory variables on levels of protein in t blood. Clin Diag
Lab Immunol 10: 652-657.

Thavasu PW, Longhurst S, Joel SP, Slevin ML, Balkwill FR (1992)
Measuring cytokine levels in blood. Importance of anticoagulants,
processing, and storage conditions. J Immunol Methods 153: 115-
124.

Shah AS, Tan L, Long JL, Davidson WS (2013) Proteomic diversity
of high density lipoproteins: our emerging understanding of its
importance in lipid transport and beyond. J Lipid Res 54: 2575-2585.

Gordon SM, Hofmann S, Askew DS, Davidson WS (2011) High
density lipoprotein: its not just about lipid transport anymore. Trends
Endocrinol Metab 22: 9-15.

Rosenson RS, Brewer HB Jr, Chapman MJ, Fazio S, Hussain
MM, et al. (2011) HDL measures, particle heterogeneity, proposed
nomenclature, and relation to atherosclerotic cardiovascular events.
Clin Chem 57: 392-410.

25.

26.

27.

28.

29.

30.

Berneis KK, Krauss RM (2002) Metabolic origins and clinical
significance of LDL heterogeneity. J Lipid Res 43: 1363-1379.

Sacks FM (2015) The crucial roles of apolipoproteins E and C-lllin apoB
lipoprotein metabolism in normolipidemia and hypertriglyceridemia.
Curr Opin LipidoL 26: 56-63.

Wong HL, Pfeiffer RM, Fears TR, Vermeulen R, Ji S, et al. (2008)
Reproducibility and correlations of multiplex cytokine levels in
asymptomatic persons. Cancer Epidemiol Biomarkers Prev 17: 3450-
3456.

Dibbs Z, Thornby J, White BG, Mann DL( 1999) Natural variability
of circulating levels of cytokines and cytokine receptors in patients
with heart failure: Implications for clinical trials. J Am Coll Cardio 33:
1935-1942.

Picotte M, Campbell CG, Thorland WG (2009) Day-to-day variation
in plasma interleukin-6 concentrations in older adults. Cytokine 47:
162-165.

Knudsen LS, Christensen 1J, Lottenburger T, Svendsen MN, Nielsen
HJ, et al.(2008) Pre-analytical and biological variability in circulating
interleukin 6 in healthy subjects and patients with rheumatoid arthritis.
Biomarkers 13: 59-78.

Citation: Rebholz SL, Melchior JT, Welge JA, Remaley AT, Davidson WS, et al. (2017) Effects of Multiple Freeze/Thaw Cycles on Measurements of
Potential Novel Biomarkers Associated With Adverse Pregnancy Outcomes. J Clin Lab Med 2(1): doi http://dx.doi.org/10.16966/2572-9578.107


http://dx.doi.org/10.16966/2572-9578.107
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3400697/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3400697/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3400697/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC164250/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC164250/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC164250/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC164250/
https://www.ncbi.nlm.nih.gov/pubmed/1381403
https://www.ncbi.nlm.nih.gov/pubmed/1381403
https://www.ncbi.nlm.nih.gov/pubmed/1381403
https://www.ncbi.nlm.nih.gov/pubmed/1381403
https://www.ncbi.nlm.nih.gov/pubmed/23434634
https://www.ncbi.nlm.nih.gov/pubmed/23434634
https://www.ncbi.nlm.nih.gov/pubmed/23434634
https://www.ncbi.nlm.nih.gov/pubmed/21067941
https://www.ncbi.nlm.nih.gov/pubmed/21067941
https://www.ncbi.nlm.nih.gov/pubmed/21067941
https://www.ncbi.nlm.nih.gov/pubmed/21266551
https://www.ncbi.nlm.nih.gov/pubmed/21266551
https://www.ncbi.nlm.nih.gov/pubmed/21266551
https://www.ncbi.nlm.nih.gov/pubmed/21266551
https://www.ncbi.nlm.nih.gov/pubmed/12235168
https://www.ncbi.nlm.nih.gov/pubmed/12235168
https://www.ncbi.nlm.nih.gov/pubmed/25551803
https://www.ncbi.nlm.nih.gov/pubmed/25551803
https://www.ncbi.nlm.nih.gov/pubmed/25551803
https://www.ncbi.nlm.nih.gov/pubmed/19064561
https://www.ncbi.nlm.nih.gov/pubmed/19064561
https://www.ncbi.nlm.nih.gov/pubmed/19064561
https://www.ncbi.nlm.nih.gov/pubmed/19064561
https://www.ncbi.nlm.nih.gov/pubmed/10362196
https://www.ncbi.nlm.nih.gov/pubmed/10362196
https://www.ncbi.nlm.nih.gov/pubmed/10362196
https://www.ncbi.nlm.nih.gov/pubmed/10362196
https://www.ncbi.nlm.nih.gov/pubmed/19604707
https://www.ncbi.nlm.nih.gov/pubmed/19604707
https://www.ncbi.nlm.nih.gov/pubmed/19604707
https://www.ncbi.nlm.nih.gov/pubmed/17852075
https://www.ncbi.nlm.nih.gov/pubmed/17852075
https://www.ncbi.nlm.nih.gov/pubmed/17852075
https://www.ncbi.nlm.nih.gov/pubmed/17852075

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Research design and Methods
	Plasma lipoprotein-cholesterol and triglyceride concentrations
	Plasma cytokine concentrations
	Plasma hsCRP concentrations
	Plasma apoA-I concentrations
	Lipoprotein sizing
	HDL proteomics
	Statistics

	Results 
	Discussion
	References
	Table 1
	Table 2
	Table 3
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

