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Abstract Previous studies showed that responses to chronic administration of copper were
significantly associated with gender, raising the need to better characterize the relation
between the effects observed and stradiols. The objective of this study was to measure
copper and liver function indicators and the sex hormone binding globulin (SHBG) serum
concentrations in healthy adults exposed to copper, grouped by sex and phase of the female
hormonal cycle. Healthy females on day 7 (follicular phase, Group 1, n=39), on day 21
(secretory phase, Group 2, n=34) and males (comparison group, Group 3, n=34) received
8 mg Cu/day (as copper sulfate), orally, for 6 months. On days 0, 30, 60, 120, and 180, the
serum concentration of copper, ceruloplasmin, liver aminotransferases, and SHBG were
measured. Analysis of results included analysis of variance (ANOVA; repeated measures)
and the post hoc Bonferroni correction. Participants remained healthy throughout the study
period, including aminotransferases below the cut off in all measures. GGT, AST, and ALT
activities were significantly different by group and by time (ANOVA repeated measures
P<0.05). Six-month curves of serum copper and ceruloplasmin concentrations were
different by group, by time and interaction group x time (all P<0.001). SHBG curves were
different by group and time (P<0.01), and interaction groupxtime (P<0.009). Serum
copper, ceruloplasmin, and liver aminotranferases are influenced by estrogens/progesterone,
something that should be considered when these indicators are used as outcomes of effects.
Time of sampling was also significantly associated with the indicators and deserves further
study.
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Introduction

Early effects of chronic copper exposure are not well defined, making it difficult to
differentiate effects, which may represent potential risks for human health from adaptive
changes that have no relevant functional consequences [1, 2]. In recent years, several
studies evaluated the responses to controlled copper exposure using copper doses that are in
the high range of the Upper Limit (UL), i.e., the amounts of daily copper intake defined as
safe for human consumption [3, 4]; in these studies, indicators of copper status, liver
function, oxidative stress, and others measured are outcomes of effects [5—9]. In a previous
study, a cohort of healthy women and men were searched for effects after copper dosing of
10 mg Cu/day, administered for 2 months. Using different statistical approaches for data
analyses, we found that both the acute and chronic responses detected differed significantly
by sex [6, 10].

These data raise the need to better characterize the differences in responses by sex,
demonstrating whether the association is with stradiols. One way to approach this is by
assessing the effects of copper dosing in women that are evaluated in the different phases of
their hormonal cycle: the follicular phase (characterized by comparatively lower
progesterone plasmatic concentrations) and the secretory phase (with higher levels of this
hormone). The sex hormone binding globulin (SHBG) is a relevant protein involved in the
transport and metabolism of sex hormones. Produced in the liver, three isoforms have been
described; structural studies of the protein describe three binding sites: site I binds Ca'?, site
II binds divalent metals (including Cu*?) and is located close the steroids binding site, and
site I binds Zn™? [11]. SHBG binds 90 to 99% of the steroid hormones with high affinity,
leaving the unbound fraction responsible for the biological effects observed in target organs
[12]. Blood SHBG concentration has been shown to increase when estrogens are
administered to men and decrease when androgens are administered to women [13].

As concentrations and changes of serum SHBG correlate well with changes associated
with stradiols, in this study, we assessed whether (1) the changes observed during copper
dosing that appear associated with sex can be differentiated by the phase of the hormonal
cycle and (2) they are associated with SHBG. Thus, the objective was set at determining the
serum concentrations of SHBG, of copper and ceruloplasmin, and of liver enzymes
activities during the follicular and secretory phases of the female hormonal cycle, during
6 months of controlled, chronic exposure to copper.

Materials and Methods

This experimental clinical assay assessed monthly a cohort of healthy women and men
during 6 months, divided into three groups: women on day 7+2 of their hormonal cycle
(Group 1, n=39), women on day 2142 of their hormonal cycle (Group 2, n=34), and a
group of men that acted as comparison group (Group 3, n=34). Each day, participants
ingested one gelatin capsule containing 8 mg of copper (as copper sulfate), under directed
supervision. Copper dosing was chosen on the basis of previous studies that showed that
customary copper intake in the population group that originated the study group is in the
low range of the adequate oral intake [14] and that this dosing does not induce adverse
effects (unpublished). Candidates to the study were called by local advertising and fulfilled
the following inclusion criteria: They were free of symptoms, had no known pathological
conditions, and their blood biochemistry was within normal values, including serum copper
and ceruloplasmin, glycemia, liver aminotransferases hemoglobin, and C reactive protein
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below the cut offs [15] (http:/www.nlm.nih.gov/medlineplus/ency/article/003458.htm,
accessed 052207). Potential volunteers to form women cohorts were followed for 3-months
before the beginning of the protocol, and cases were selected among those who had more
regular menstrual periods. Selected participants were not on oral contraceptives; 37 of 39
and 33 of 34 carried a copper intrauterine device in groups 1 and 2, respectively (Fisher
t test, NS). Day of sampling was estimated on the basis of the last menstrual date; on each
occasion, the study variables (see below) and estrogens and progesterone were measured.
After receiving detailed explanations about the protocol, those who agreed to participate
signed a written consent and were incorporated to the study. The protocol was cleared by
the Institute of Nutrition and Food Technology (INTA) Institutional Review Board,
University of Chile.

Procedures

Determinations to assess inclusion criteria prior to incorporation to the protocol included:
hemoglobin and leukocytes count (Electronic Counter, CELL-DYN 1700, ABBOTT
Diagnostics, Abbott Park, IL); glycemia (by a commercial kit QCA, Quimica Clinica
Aplicada S.A., Amposta, Spain) and high sensitivity CRP (Turbox, Orion Diagnostica,
Espoo, Finland). Then, on days 0, 30, 60 120 and 180 serum ceruloplasmin (protein) was
measured by nephelometry (Array Protein System, Beckman Instruments Inc., Brea, CA);
serum copper concentration by AAS (Perkin Elmer, Model SIMAA 6100, The Perkin-
Elmer Corporation, Norwalk, CT, USA); liver aminotransferases (aspartate-aminotranferase
[AAT], alanine-aminotransferase [ALAT] and L-y-glutamyltransferase [GGT]) by a
commercial kit (Quimica Clinica Aplicada S.A., Amposta, Spain). Cut offs amino-
transferases were based on those used to diagnose liver dysfunction (35, 35 and 38 for AAT,
ALAT and GGT, respectively (15, 16); SHBG by a commercial enzyme immuno assay
(DELFIA®, Perkin-Elmer USA), and progesterone and estrogen by a chemiluminescence
assay (Elecsys, Roche, Graz, Austria)

Statistics

Sample size was calculated to detect significant differences with deltas of 1SD in the SHBG
values, with power 80%, a= 0.05 y 3 = 0.1. This gave 38 individuals per group;
considering a 10% drop out 42 individuals were initially incorporated to the groups.
Analysis of results was planned to consider two variables: “group” and by “time of
measurement” (hereon called time) ANOVA, repeated measures. Post-hoc analysis included
Bonferroni correction and Pearson correlations. Statistical tests were conducted using
SYSTAT 5.0 (SYSTAT, Inc., Evanston, IL, USA) [20].

Results

The protocol was completed in 107/124 individuals (86.3%). Causes for withdrawal were
moving to another job (n=3), not following the protocol as requested (n=4), refusal to
continue participating (n=6), and getting pregnant (n=3), without differences between the
three study groups. Participants remained healthy during the 6-month study period. Mean+
SEM of serum progesterone/estrogens concentrations were 1.10+£0.31/ 64.9+11 in Group 1
(women in follicular phase), 7.43+£1.19/118.9+13,4 in Group 2 (women in secretory
phase), and 0.6+£0.03/21.4£0.7 in Group 3 (men, comparison group). As expected, values
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Table 1 Hemoglobin, Leukocytes Count, Glycemia, and Ceruloplasmin Concentration (Median+SEM) in
Group 1 (Women, Follicular Phase), Group 2 (Women, Secretory Phase), and Group 3 (Men, Comparison
Group) at Incorporation to the Protocol

Hb (g/dl) Leukocytes (n/mm?) Glycemia (mg/dl) Ceruloplasmin (mg/dl)

Before copper dosing

Group 1 15+0.1 7591+£292 90+1.2 28+1.1
Group 2 14+0.1 7079+234 85+1.3 30+0.7
Group 3 14+0.1 7768+453 87+1.3 29+0.9

of initial glycemia, leukocytes count, hemoglobin, and serum copper and ceruloplasmin
concentrations were within normal limits, and comparisons with values obtained during the
6-month study period revealed no significant differences (Table 1). Aminotransferase
activities were below the cut offs in all measurements (Table 2, differences NS). The 6-
month curves of GGT, AAT, and ALAT activities were significantly different by group and
by time (ANOVA repeated measures P<0.05, Table 2), while differences of ALAT were
also significant for interaction group xtime (ANOVA repeated measures, P<0.001). Serum
copper and ceruloplasmin in the 6-month curves were different by group, by time and
interaction group xtime (all P<0.001, Fig. 1). Serum SHBG curves were different by group
and time (P<0.01) and interaction group xtime (P<0.009, ANOVA repeated measures,
Fig. 2). Post-hoc analysis with Bonferroni correction allowed the analysis of data
independent of time; as expected, it showed that differences between groups 1 and 3 were
significant for estrogens and progesterone concentrations (P<0.01); differences between
groups 2 and 3 (women) were significant for GGT activity and for estrogens and
progesterone concentrations (P<0.05). Pearson correlations between SHBG and the
indicators measured were significant for the three liver aminotranferases but not significant
or copper and ceruloplasmin (Table 3).

Table 2 Serum Aminotranferases Activities [L-y-glutamyltransferase (GGT), Aspartate-aminotransferase
(AAT), and Alanine Aminotransferase (ALAT)] during Copper Dosing (8 mg Cu/day as Copper Sulfate) in
Group 1 (Women, Follicular Phase), Group 2 (Women, Secretory Phase), and Group 3 (Men, Comparison
Group)

Time of copper dosing (in months)

0 1 2 4 6

GGT (UI)

Group 1 13+1.5 15+1.6 13+1.7 15+1.5 11+1.6

Group 2 10+1.6 13£2.0 1342.3 14+2.3 9+2.0

Group 3 9+1.7 9+1.0 6+1.4 6+0.7 5+1.0
AAT (UI)

Group 1 22409 24416 24+1.1 21%1.0 18+0.9

Group 2 2040.9 2040.7 2040.8 21416 18+1.1

Group 3 19+0.8 21409 194+0.8 1840.9 16+0.9
ALAT (UI)

Group 1 23415 26+2.5 26+1.5 24+1.6 22+1.9

Group 2 21+1.4 20+1.1 21+1.1 23426 23435

Group 3 20409 20+0.8 20+1.0 1941.0 17+1.0

Results are expressed as median+SEM. Differences by group and by time: P<0.05 for all three enzymes
(GGT, AAT, and ALAT); interaction: p<0.001 for ALAT (ANOVA repeated measures).
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Fig. 1 Serum ceruloplasmin (a) and copper concentrations (b) during the 6-month copper dosing period
(with 8 mg Cu/day, as copper sulfate) in group 1 (women, follicular phase), group 2 (women, secretory
phase), and group 3 (men, comparison group). Results are expressed as median+SEM. In both curve
differences by group, by time, and interaction group*time=P<0.001 (ANOVA repeated measures)

Discussion

Results show significant variations on serum copper concentration, ceruloplasmin, SHBG,
and liver aminotransferases activities depending on sex and—in some cases—also on the
phase of the female hormonal cycle. These findings are relevant to the research that
searches for and intends to characterize the effects of copper in humans. Serum copper and
ceruloplasmin are the most frequently used indicators of copper status, and liver
aminotransferase activities represent the gold standard to assess adverse effects on liver
function. Therefore, interpreting significant, yet milder changes of these indicators should
take into account the variations given by sex (women and men present in the study) and, in
the case of GGT, also the phase of the hormonal cycle of women participating in the
studies, a variable usually not controlled.

The most difficult task in conducting this study was to warrant that the moment of
sampling, representing the follicular and secretory phases of the hormonal cycle, fulfilled
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Table 3 Correlations Between SHBG and the Copper Status, Liver Function Indicators, and Estrogens and
Progesterone (Pearson Correlation Coefficient)

Variables Pearson P value
Ceruloplasmin —-0.116 0.233
Copper —0.069 0.483
GGT —0.322 0.001
AAT —0.388 0,000
ALAT —0.465 0.000
Estrogens 0.228 0.018
Progesterone 0.431 0.000

the requisites of design. The values obtained and the differences observed between the three
study groups (see “Results” and Table 3) shows that this was achieved, and therefore, the
differences observed are related to hormonal variations. That participating women carried
copper intrauterine devices is a limitation to the study; they were accepted because there is
evidence in the literature that intrauterine devices (IUDs) do not modify stradiol and
progesterone plasma concentrations [16], in contrast to oral contraceptives, which do
change these hormones concentrations in blood [17].

It is interesting that serum SHBG concentration consistently dropped until the fourth
month of study, coinciding with a gradual increase of serum ceruloplasmin. Administration
of 17-B-stradiol to Long-Evans-Hooded (LEC) rats induced increased serum copper and
ceruloplasmin [18]. In postmenopausal women, treatment with 17-f3-stradiol also induced
an increase of serum ceruloplasmin [19]. These two studies coincide with the trend
observed in the first 4 months of our study, but we do not have an explanation for the
decrease observed in subsequent months.

It is also interesting that the post-hoc analysis applying the Bonferroni correction
confirmed the differences between sexes and further revealed that GGT and activities were
different in the two phases of the cycle (£<0.05). The influence of time of sampling should
be further evaluated.

In summary, when healthy adult women and men undergo controlled chronic copper
dosing, the variations of serum copper indicators and of serum SHBG and of liver function
indicators are associated with the variations of estrogens/progesterone cycling. This should
be considered when interpreting studies that use these indicators as outcomes of copper
effects.

Acknowledgements Authors express their gratitude to Dr. Emilio Fernandez for his expert advice on the
management of hormonal aspects that defined the groups and times of sampling. This study was funded by
Fondecyt, project 1040979.

References

—_—

. Uauy R, Olivares M, Gonzalez M (1998) Essentiality of copper in humans. Am J Clin Nutr 67:952-959
2. Milne DB (1998) Copper intake and assessment of copper status. Am J Clin Nutr 67:1041-1045

3. FAO/WHO/IAEA (1996) Biochemical studies: liver and intestine. Trace elements in human nutrition and

health. WHO, Geneva,Switzerland

4. Institute of Medicine, Food and Nutrition Board (2000) Micronodular cirrhosis and acute liver failure
due to chronic copper self-intoxication. Dietary reference intakes for vitamin A, vitamin K, vrsenic,
boron, chromium, copper, iodine, iron, manganese, molybdenum, nickel, silicon, vanadium, and zinc.
National Academy Press, Washington, DC



Copper Indicators and Serum SHBG in Healthy Women 15

5.

6.

7.

10.

11.

13.

14.

15.

16.

17.

19.

20.

Kehoe CA, Turley E, Bonham MP et al (2000) Response of putative indices of copper status to copper
supplementation in human subjects. Br J Nutr 84:151-156

Araya M, Olivares M, Pizarro F et al (2005) Supplementing copper at the upper level of the adult dietary
recommended intake induces detectable but transient changes in healthy adults. J. Nutrition 135:2367-2371
Turnlund JR, Keyes WR, Kim SK, Domek JM (2005) Long-term high copper intake: effects on copper
absorption, retention, and homeostasis in men. Am J Clin Nutr 81:822-828

. Turnlund JR, Jacob RA, Keen CL, Coulter J et al (2004) Long-term high copper intake: effects on indexes

of copper status, antioxidant status, and immune function in young men. Am J Clin Nutr 79:1037-1044

. Araya M, Olivares M, Pizarro F et al (2004) Community-based randomized double-blind study of

gastrointestinal effects and copper exposure in drinking water. Environ Health Perspect 112:1068—1073
Mendez MA, Araya M, Olivares M, Pizarro F, Gonzalez M (2004) Sex and ceruloplasmin modulate the
response to copper exposure in healthy individuals. Environ, Health Perspect 112:1654-1657
Avvakumov GV, Muller IA, Hammond GL (2000) Steroid-binding specificity of human sex hormone-
binding globulin is influenced by occupancy of a zinc-binding site. JBC 275(34):25920-25925

. Bedecarras P, Gryngarten M, Ayuso S et al (1998) Characterization of serum SHBG isoforms in

prepubertal and pubertal girls. Clin Endocrinol (Oxf) 49:603—608

Haffher SM, Dunn JF, Katz MS (1992) Relationship of sex hormone binding globulin to lipid,
lipoprotein, glucose, and insulin concentrations in postmenopausal women. Metabolism 1:278-284
Olivares M, Pizarro F, de Pablo S, Araya M, Uauy R (2004) Iron, zinc and copper: contents in common
Chilean foods and daily intakes in Santiago City, Chile. Nutrition 20:205-212

St. Louis PJ (1995) Biochemical studies: liver and intestine. In: Walker WA, Durie PR, Hamilton JR, Walker-
Smith JA, Watkins JB (eds) Pediatric gastroenterology disease. BC Decker, Toronto, Canada, pp 1363-1374
Guleria K, Agarwal N, Mishra K, Gulati R, Mehendiratta A (2004) Evaluation of endometrial steroid
receptors and cell mitotic activity in women using copper intrauterine device: Can Cu-T prevent
endometrial cancer. J Obstet Gynaecol Res 30:181-187

Kluft C, Leuven JA, Helmerhorst FM, Krans HM (2002) Pro-inflammatory effects of oestrogens during
use of oral contraceptives and hormone replacement treatment. Vascul Pharmacol 39:149-154

. Mehta SW, Eikum R (1989) Effect of estrogens on serum and tissue levels of copper and zinc. Adv Exp

Med Biol 258:155-62

Clemente C, Russo F, Caruso MG et al (1992) Ceruloplasmin serum level in post-menopausal women
treated with oral estrogens administered at different times. Horm Metab Res 24:191-193

Wilkinson L (1996) SYSTAT 5: the system for statistics. SYSTAT, Inc., Evanston, Illinois



	Copper...
	Abstract
	Introduction
	Materials and Methods
	Procedures
	Statistics

	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


