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ABSTRACT 

 

 Chromium was proposed to be an essential trace element over 50 years ago and was 

accepted as an essential element for over thirty years.  Several studies were performed to address 

the question of essentiality.  Male Zucker lean rats were housed in specially designed metal-free 

cages for six months and fed the purified AIN-93G diet with no added chromium in the mineral 

mix component of the diet, the standard purified AIN-93G diet, the standard purified AIN-93G 

diet supplemented with 200 g Cr/kg, or the standard purified AIN-93G diet supplemented with 

1000 g Cr/kg. This study revealed that a diet with as little chromium as reasonably possible had 

no effect on body composition or glucose metabolism or insulin sensitivity compared to a 

chromium “sufficient” diet.  The diets supplemented with Cr had beneficial effects on the rats; 

the effects at these doses are pharmacological effects, the mechanism of which requires further 

research.   

Zucker obese and Zucker diabetic fatty (ZDF) rats were used to establish whether rats 

under stress (diabetes and obesity associated insulin resistance) have altered levels of chromium 

absorption compared to Zucker lean rats.  If these conditions lead to increases in chromium 

absorption, then increased urinary Cr losses resulting from the conditions are unlikely to lead to 

chromium deficiency.  The study revealed that increases in urinary Cr loss associated with 

insulin resistance or diabetes are offset by increased absorption. Together with the results of 

other recent studies, these results clearly indicate that chromium can no longer be considered an 

essential element.   



 

iii 

 

Chromium(III) picolinate, [Cr(pic)3], is a commonly used nutritional supplement in 

humans, that has also been approved for use in animals.  Health concerns have arisen over the 

use of [Cr(pic)3] in high doses.  Male CD-1 mice were used to further assess the potential for 

reproductive or developmental toxicity at a dose of 200 mg/kg/day [Cr(pic)3].  The results 

suggest that paternal dietary exposure to [Cr(pic)3] has little potential for adverse reproductive 

effects.  Studies with chromium nicotinate and chromium basic carboxylate complexes 

containing trifluoroacetate, 3-fluoropyridine, 3-trifluoromethylpyridine, and 4-

trifluoromethylpyridine are described.



 

iv 

 

 

 

 

DEDICATION 

 

To my mom and dad, Belinda and Clark Mitchell; who give me support and love.   

To my brother, Greg, my best friend who stands beside me. 

To my sister, Shawn, who loves me unconditionally. 

To all my friends past and present. 

 

In memory of my father Ryan Allen Rhodes.   

My inspiration.  My hero.  My reason. 

This is for you.



 

v 

 

 

 

 

LIST OF ABBREIATIONS AND SYMBOLS 

 

%   Percent 

 

×   Times 

°C   Degree Celsius 

1X   1 percent of the stock solution 

AAALAC  Association for Assessment and Accreditation of Laboratory Animal Care 

Ag   Silver 

AI   Adequate intake 

Al   Aluminum 

Al
3+

   Aluminum trivalent ions 

Apo    Metal-free 

As   Arsenic 

ATCC   American Type Culture Collection 

Au   Gold 

AUC   Area under the curve 

B    Boron 

Ba   Barium 

Be   Beryllium 

Bi   Bismuth 



 

vi 

 

Br   Bromine 

C   Carbon 

Cd   Cadmium 

Ce   Cerium 

Ci    Curie 

CID   Collision-induced dissociation 

Cl   Chloride 

cm   Centimeter 

cm
-1

   Reciprocal centrimeter 

Co   Cobalt 

CO2   Carbon dioxide 

Cr   Chromium 

Cr
3+ 

   Trivalent Cr ions 

Cr
6+

   Hexavalent Cr ions 

CrCl3   Chromium
3+

 chloride 

Cu   Copper 

D (amino acid) Aspartic acid 

D2O   Deuterium oxide 

Da   Dalton 

dB   Decibel 

DCTB   trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile 

dH2O   Deionized water 

DHB   2,5-Dihydroxybenzoic acid 



 

vii 

 

DMEM  Dulbecco's Modified Eagle Medium 

DMSO   Dimethyl sulfoxide 

Dq   Crystal field splitting 

EDTA   Ethylenediamine tetraacetate 

EPR   Electron paramagnetic resonance 

ESADDI  Estimated safe and adequate daily dietary intake 

ESI/QIT  Electrospray ionization/Quadrapole Ion Trap 

eV   electron volt 

F   Fluorine 

FAB   Fast Atom Bombardment 

FBS   Fetal bovine serum 

Fe   Iron 

Fe
2+

   Iron divalent ions 

Fe
3+

   Iron trivalent ions 

FeCl3   Iron chloride 

FTIR   Fourier transform infrared  

G   Gauss 

g   Grams 

g   Gravity 

GD   Gestational Day 

GDP   Guanosine diphosphate 

GHz   Gigahertz 

GMP   Guanosine monophosphate 



 

viii 

 

GTF   Glucose tolerance factor 

GTP   Guanosine triphosphate 

h   Hour 

H   Hydrogen 

H2O   Water 

HCl   Hydrochloric acid 

HDL   High density lipoprotein cholesterol 

Hepes   N-2-Hydroxyethylpiperizine-N’-2-ethanesulfonic acid 

Hg   Mercury 

Holo   Metal-bound 

HPA   3-Hydroxypicolinic acid 

HPLC   High-performance liquid chromatography 

I   Insulin 

I   Iodine 

IR   Insulin receptor 

Ir   Iridium 

K   Kelvin 

K1   Binding constant for first binding site 

K2   Binding constant for second binding site 

K2Cr2O7  Potassium dichromate 

Ka   Association constant 

KBr   Potassium bromide 

KG   Glucose clearance rate 



 

ix 

 

kg   Kilogram 

Ki   Binding affinity of an inhibitor 

L   Ligand 

L   Liter 

La   Lanthanium 

LDL   Low density lipoprotein cholesterol 

Li   Lithium 

LMWCr  Low-molecular-weight chromium-binding substance 

Ln   Natural logarithm 

LSD   Least significant difference 

m   Medium   

M   Molar 

m/z   Mass to charge ratio 

M
-1

   Reciprocal molar 

MALDI/TOF  Matrix Assisted Laser Desorption Ionization/Time of Flight 

MCT   Monocarboxylate transporter 

mg   Milligram 

MHz   Megahertz 

min   Minute 

mL   Milliliter 

mM   Millimolar 

mmol   Millimole 

Mn   Manganese 



 

x 

 

Mo   Molybdenium 

mol   mole 

MS   Mass Spectrometry 

MS/MS  Tandem mass spectrometry 

MW   Molecular weight 

n   Hill coefficient 

N   Normal 

NaOH   Sodium Hydroxide 

NBA   3-Nitrobenzyl alcohol 

Ni   Nickel 

Nic   Nicontinate 

nm   Nanometer 

NMR   Nuclear magnetic resonance 

O   Oxygen 

Os   Osmium 

Pd   Palladium 

pic   Picolinate 

p-NPP   para-Nitrophenyl phosphate 

ppm   Parts per million 

py   pyridine 

Rb   Rubidium 

Rh   Rhodium 

rpm   Revolutions per minute 



 

xi 

 

Ru   Ruthenium 

s   Strong 

Sb   Antimony 

Se   Selenium 

SEM   Standard error of the mean 

sh   Shoulder 

Sn   Tin 

Sr   Strontium 

STZ   Streptozotocin 

Ta   Tantalum 

Tf   Transferrin 

Th   Thorium 

Ti   Titanium 

Tl   Thallium 

TPN   Total parential nutrition 

Tris   Tris-(Hydroxymethyl) aminomethane 

U   Uranium 

UV   Ultraviolet 

UV-vis   Ultraviolet-visible 

V   Vanadium 

vs   Very strong 

w   Weak 

W   Tungsten 



 

xii 

 

Y   Yttrium 

ZDF   Zucker diabetic fatty 

ZKO   Zucker obese 

Zn   Zinc 

Zr   Zirconium 

α    Alpha 

β    Beta 

ε   Extinction coefficient 

   Contact shift 

B   Magnetic moment 

µg   Microgram 

µL   Microliter 

µM   Micromolar 



 

xiii 

 

 

 

 

ACKNOWLEDGMENTS 

I am eternally thankful and appreciative to my advisor, Dr. John B. Vincent, for his 

encouragement, patience, and guidance throughout my entire graduate career. It was with his 

guidance and support that I have made it this far.  I am grateful that I was able to work with him. 

Dr. Jane F. Rasco has been a great help and mentor.  With her help, I learned how to 

handle the rats and mice used in my research.  I am thankful for the time she spent training me 

and sharing her knowledge.  

I am indebted and grateful to Dr. Paul A. LeBlanc.  I am thankful he had the patience and 

took the time to teach me how to take care of cells.  I am also beyond grateful he allowed me to 

use his laboratory and equipment.  If it were not for him, I would not have been able to 

accomplish everything I needed to finish.    

I am also thankful for the other members of my committee; Dr. Laura S. Busenlehner, Dr. 

Stephen A. Woski, and Dr. Carolyn Cassady.  Their support, guidance, and friendship have been 

essential to my growth as a graduate student. 

I would like to express my sincere thanks to certain members of my research group and 

other graduate and undergraduate students, past and present.  I am thankful for the support, 

friendship, and help from Sharifa Love, Dr. Yuan Chen, DeAna McAdory, Dr. Sharmista Hadler, 

Ge Deng, Dr. Bin Lue, Kristen DiBona, and Leigh Ann Pledger.  Also, I am grateful for all the 

help from Naomi Kern, and Kristy Wu.  



 

xiv 

 

 I am who I am and where I am because of my wonderful and supportive family.  I am 

eternally thankful for their love, support, and encouragement.  They are the main reason I have 

made it this far.  Also, my friends have been essential.  They have been more than understanding 

and supportive of my academic decisions and accomplishments, even helping out when I needed.   

Thank you! 



 

xv 

 

 

 

 

CONTENTS 

 

ABSTRACT……………………………………………………………………………………... ii 

DEDICATION…………………………………………………..……………………………….iv 

LIST OF ABBREVIATIONS AND SYMBOLS……………………………….………………...v 

ACKNOWLEDGMENTS………………………………………………………………………xiii 

LIST OF TABLES……………………………………………………………………………… xx 

LIST OF FIGURES……………………………………………………………………………. xxi 

Chapter 1 Introduction……………………………………………………………………….1 

1.1 Glucose Tolerance Factor and Start of chromium biochemistry…………….……..1 

 

1.2 Chromium transport……………….………………………………………………..4 

 

1.3 Chromium and its link to Nutrition…………………….………………………….11 

 

1.4 Chromium essentiality…………………….……………………………………….15 

REFERENCES…………………………………………………………………………………..17 

Chapter 2 Urinary chromium loss associated with diabetes is offset by increases in 

absorption………..……………………………………………………………….20 

 2.1 Introduction………………………………………………………………………20 

 2.2 Experimental……………………………………………..……………………….23 

2.2.1 Materials and Instrumentation………………….…………………………23 

2.2.2 Animals……………………………………………………………………23 

  2.2.3 Sample Collection…………………………………………………………24 



 

xvi 

 

  2.2.4 Statistical Analysis……………………..………………………………….25 

 2.3 Results and Discussion………………………………………………..…………..25 

 2.4 Conclusion………………………………………………………………….……..44 

ACKNOWLEDGEMENTS……………………………………………………………………..45 

REFERENCES…………………………………………………………………………………..46 

Chapter 3 Chromium is not an essential trace element for mammals:  Effects of a “low-

chromium” diet……………………..……………………………………………50 

                 3.1 Introduction………...…………………………………………………………….50 

                 3.2 Experimental………...……………………………………………………………52 

 3.2.1 Chemicals, assays, and instrumentation…………………………….……..52 

 3.2.2 Animals…………………………….………………………………………52 

 3.2.3 Treatment……………………………….………………………………….53 

 3.2.4 Housing…………………………………….………………………………53 

 3.2.5 Food and water……………………………………………………………..54 

 3.2.6 Data Collection………………………………………………………….…55 

 3.2.7 Chromium concentration determinations……………………………..……55 

 3.2.8  Statistical analysis…………………………………………….……….…..56 

                   3.3 Results and discussion……………………………………………………….….56 

 3.3.1 Metal-free caging……………………….……………………………….…56 

 3.3.2 Diet Results………………………………………………………………...60 

         3.4 Conclusion.….………………………………………………………………….74 

ACKNOWLEDGEMENTS……………….……………………………………………………..74 

REFERENCES…………………………………………………………………………………..76 

Chapter 4  Determining Cr
3+

 transport from Endosomes by Monocarboxylate Transporter                                               

in C2C12 muscle cell………………...……..……………………………………78 

               4.1 Introduction…..……….…..…………………………………………………….78 



 

xvii 

 

               4.2 Experimental………………...…………………………………………………..82 

 4.2.1 Materials……………………………………………...……………………82 

 4.2.2 Compound Preparation…………………………………………………….82 

 4.2.3 Cell Culturing Procedure……………………………..……………………83 

 4.2.4 Experimental Procedure – Cultured C2C12 Cells…………………………83 

 4.2.5 Statistical Treatment……………………………………………………….85 

               4.3 Results and Discussion……………………………………………...…………..85 

               4.4 Conclusion……………………………………………………………………..100 

ACKNOWLEDGEMENTS………………………………………………………………….....100 

REFERENCES……………………………………………………………………………..…..101 

Chapter 5 Potential of Chromium(III) Picolinate for Reproductive or Developmental 

Toxicity Following Exposure of Male CD-1 Mice Prior to Mating..…………..103 

             5.1 Introduction…….……………………………………………………………...103 

5.2 Experimental…….…………………………………………………………......105 

  5.2.1 Breeding and exposure………...…………………………………….…...105 

  5.2.2 Data Collection…………………………………………………………...106 

  5.2.3 Statistical Methods………………………………………………………..106 

 5.3 Results and Discussion…….…………………………………………………..107 

5.4 Conclusion…..…………………………………………………………….…...111 

ACKNOWLEDGEMENTS………………………………………………………………….....112 

REFERENCES……………………………………………………………………………...….113 

Chapter 6 Mass spectrometric and spectroscopic studies of the nutritional supplement 

chromium(III) nicotinate……………………………………………..…….…...115 

                6.1 Introduction……………………………………………………………………115 

                6.2 Experimental…………….……………………………………………………..118 

  6.2.1 Chromium Nicontinate……………..……………….…………………...118 



 

xviii 

 

  6.2.2 Mass spectrometry (MS)…………..………………………………..…...119 

   6.2.2.1 Fast Atom Bombardment (FAB)………………………….……119 

   6.2.2.2 Matrix Assisted Laser Desorption Ionization/Time of Flight.….119 

   6.2.2.3 Electrospray Ionization/Quadrapole Ion Trap (ESI/QIT)………120 

  6.2.3 Other methods………………..………………………………………….120 

 6.3 Results and Discussion……………….………………………………………..121 

  6.3.1 Synthesis and characterization……………..…………………………....121 

  6.3.2 Mass spectrometry………………...……………………………….…….124 

   6.3.2.1 Product from type 1 synthesis…………………………….….…124 

   6.3.2.2 Product from type 2 synthesis……………………………….….134 

   6.3.2.3 Product from type 3 synthesis…………………………………..139 

  6.3.3 UV/visible and NMR studies………….…….…………………………..141 

  6.3.4 EPR studies……………………..………….…………………………….145 

  6.3.5 Implication for nutritional studies……………………………………..…147 

 6.4 Conclusion………………………………………………………………….…149 

ACKNOWLEDGEMENTS……………………………………………………………………149 

REFERENCES………………………………………………………………………………...150 

 Chapter 7 Paramagnetic 
19

F NMR and Electrospray Ionization Mass Spectrometric Studies 

of Substituted Pyridine Complexes of Chromium(III): Models for Potential Use of 
19

F NMR to Probe Cr
3+

-Nucleotide Interaction………………………………...153 

                7.1 Introduction……………………….…………………………………………153 

                7.2 Experimental………………………..………………………………………..154 

 7.2.1 Synthesis………..……..…………………………………………….…154 

 7.2.2 General preparation of [Cr3O(O2CCH2CH3)6(L)3]NO33………………………………………………..115555  

                             7.2.3 Electrospray Ionization/Quadraple Ion Trap (ESI/QIT)   

Mass spectrometry….………………………………………………….155 



 

xix 

 

 7.2.4 NMR………………..………………………………………………...156 

 7.2.5 Other Methods………………………………..………………………156 

                7.3 Results and Discussion……………………..……………………………..…156 

 7.3.1 Synthesis…………………………………………………………….…156 

 7.3.2 ESI MS…………………………………………………..……………..159 

 7.3.3 NMR………...........................................................................................166 

  7.3.3.1 [Cr3O(O2CCF3)6(H2O)3]
+
…………………………………….....167 

  7.3.3.2 [Cr3O(O2CEt)6(3-F-py)3]
+
……………………………………....170 

  7.3.3.3 [Cr3O(O2CEt)6(3-CF3-py)3]
+
 and [Cr3O(O2CEt)6(4-CF3-py)3]

+
..173 

7.4 Conclusion…………………..……………………………………………….176 

ACKNOWLEDGEMENTS………………………………………………………...…………..176 

REFERENCES………………………………………………………………………………....177 

 

CONCLUSIONS AND FUTURE WORK….………………………………………………….179



 

xx 

 

 

 

 

LIST OF TABLES 

 

4.1.   % Distribution of the 
59

Fe in C2C12 cells after 60 min. CHCA = α-cyano-4- 

         hydroxy-cinnamic acid.  The * indicates statistically significant differences  

         between fractions when experiment is compared to its control.  Nuc, Mito, Lys,  

         Micro, and Cyt represent nuclear, mitochondrial, lysosomal, microsomal, and  

         cytosol fractions, respectively.……………………………………………………..…..…..91 

 

4.2.   % Distribution of 
51

Cr in C2C12 cells after 60 min. CHCA = α-cyano-4- 

         hydroxy-cinnamic acid. The * indicates statistically significant differences  

         between fractions when experiment is compared to its control.  Nuc, Mito, Lys,  

         Micro, and Cyt represent nuclear, mitochondrial, lysosomal, microsomal, 

         and cytosol fractions, respectively.………………………………………………………...98 

 

5.1   Fertility indices of untreated female CD-1 mice mated with males that had been 

        exposed to [Cr(pic)3]………………………………………………………………….…...108 

5.2   Maternal weight gain and litter parameters of untreated female CD-1 mice  

         mated males that had been exposed to [Cr(pic)3]………………..……………………….109 

6.1   ESI Mass Spectra of Chromium Nicotinate (type 1) Solution. nic = nicotinate;  

        py = pyridine……………………………………………………………………................127 

6.2   ESI Mass Spectra of Chromium 2-d-Nicotinate (type 1) Solution. (Entries with  

        2  m/z correspond to two features of nearly equal intensity). 2-d-nic =  

        2-deuteronicotinic acid, 2-py = 2-deuteropyridine………………………………………..130 

6.3    Positive Mode ESI Mass Spectra of Chromium Nicotinate (type 1) Solid  

        dissolved in 1.0 M HCl……………………………………………………........................133 

6.4    ESI Mass Spectra of Chromium Nicotinate (type 2) Solution. nic = nicotinate; 

         py =pyridine………………………………………………….……………...……………135 

6.5   Positive Mode ESI Mass Spectra of Chromium Nicotinate (type 2) Solid  

       dissolved in 1.0 M HCl………………………………………………..…………………...138 

6.6    Positive Mode ESI Mass Spectra of Chromium Nicotinate (type 3) Solid  

        dissolved in 1.0 M HCl……………………………………………………………………140 



 

xxi 

 

6.7    Maxima of Visible Absorption Spectra of “Chromium nicotinic” Preparations  

         (n.r. – not reported)…………………………………………………………………..…...142 

7.1   ESI MS data for trinuclear Cr
3+

 assemblies………...………………………......................160 

7.2   Chemical shifts and contact shifts for trinuclear chromium(III) complexes.   

         Nucleus of interest is in bold and italics……………………………..………………..….169 

7.3   Chemical shifts of 1H NMR spectra of trinuclear chromium complexes………………....172 



 

xxii 

 

 

 

 

 

LIST OF FIGURES 

1.1 Proposed chromium transport mechanism.  Chromium is stored in the blood bound 

 to transferrin, then the chromium-transferrin complex binds to transferrin receptor 

 and enters the cell, where the chromium binds to apo-chromodulin…………...……...……9 

1.2 Proposed mechanism for the activation of insulin receptor kinase by chromodulin 

inresponse to insulin.  The inactive form of insulin receptor (IR) is converted to the  

active form by binding of insulin (I).  Once insulin binds to IR, it triggers the uptake  

of chromium, via the proposed Cr-transferin process in insulin sensitive cells.  In the 

 insulin sensitive cell, chromium binds to apochromodulin forming holochromodulin. 

Holochromodulin binds to insulin receptor, further activating the receptor kinase  

activity.  When the insulin concentration decreases, holochromodulin is released from  

the cell to relieve its effect..……………………………………………………..………….10 

 

2.1   Distribution of 
51

Cr from 
51

CrCl3 in the gastrointestinal tract and feces as a function 

        of time: A) Zucker lean rats, a-significantly different from Zucker obese rats (P<0.05), 

        b-significantly different from ZDF rats (P<0.05); B) Zucker obese rats, a-significantly 

       different from Zucker lean rats (P<0.05), b-significantly different from ZDF rats (P<0.05); 

       and C) ZDF rats, a-significantly different from Zucker lean rats (P<0.05), significantly  

       different from Zucker obese rats (P<0.05)…………………………………………………..28 

 

2.2   Distribution of 
51

Cr from 
51

CrCl3 in the blood and urine as a function of time:  

        A) Zucker lean rats, a-significantly different from Zucker obese rats (P<0.05),  

        b-significantly different from ZDF rats (P<0.05); B) Zucker obese rats, a-significantly 

       different from Zucker lean rats (P<0.05), b-significantly different from ZDF rats; and  

       C) ZDF rats, a-significantly different from Zucker lean rats (P<0.05), b- significantly 

       different from Zucker obese rats (P<0.05)…………………………………………………..31 

 

2.3   Distribution of 
51

Cr from 
51

CrCl3 in the right femur, heart, skeletal muscle, testes,  

        and epididymal fat as a function of time: A) Zucker lean rats; B) Zucker obese rats, 

        a-significantly different from ZDF rats (P<0.05); and C) ZDF rats, a-significantly  

       different from Zucker obese rats (P<0.05)………………………………...…………….…..33 

 

2.4   Distribution of 
51

Cr from 
51

CrCl3 in the pancreas, spleen, liver, and kidney as a function 

        of time: A) Zucker lean rats; B) Zucker obese rats; and C) ZDF rats……………………...35 

 

3.1   The metal-free housing unit with the anti-fatigue matting inside the cage………………...59 



 

xxiii 

 

 

3.2   Body mass of Zucker lean rats on the AIN93-G diets. Different letters indicate  

        significant differences between groups. No Cr - rats on the AIN93-G diet with Cr 

        not included in the mineral mix; Cr Sufficient - rats on a purified AIN-93G Cr sufficient 

        diet; + 200 µg/kg Cr - rats on the AIN-93G Cr sufficient diet with an additional 200 μg 

        Cr/kg; +1000 µg/kg Cr - rats on the AIN-93G Cr sufficient diet with an additional 1000 

        μg Cr/kg………………………………………………………………………………...…..63 

 

 

 

3.3   Plasma glucose levels in glucose tolerance tests for Zucker lean rats on the AIN93-G 

        diets.  Different letters indicate significant differences between groups.  No Cr – rats 

        on the AIN93-G diet with Cr not included in the mineral mix; Cr Sufficient - rats on a 

        purified AIN-93G Cr sufficient diet; + 200 µg/kg Cr - rats on the AIN-93G Cr sufficient 

        diet with an additional 200 μg Cr/kg; +1000 µg/kg Cr - rats on the AIN-93G Cr sufficient 

        diet with an additional 1000 μg Cr/kg……………………………………………………...65 

 

3.4   Area under the curve (AUC) for plasma glucose concentrations in glucose tolerance 

        tests for Zucker lean rats on the AIN93-G diets. Different letters indicate significant 

        differences between groups.  No Cr - rats on the AIN93-G diet with Cr not included 

        in the mineral mix; Cr Sufficient - rats on a purified AIN-93G Cr sufficient diet;  

        + 200 μg Cr/k Cr sufficient the AIN-93G Cr sufficient diet with an additional  

        200 μg Cr/kg; +1000 µg/kg Cr - rats on the AIN-93G Cr sufficient diet +1000 µg/kg Cr...66 

 

3.5   Plasma glucose levels in insulin tolerance tests for Zucker lean rats on the AIN93-G 

        diets.  Different letters indicate significant differences between groups.  No Cr - rats  

        on the AIN93-G diet with Cr not included in the mineral mix; Cr Sufficient - rats on 

        a purified AIN-93G Cr sufficient diet; + 200 µg/kg Cr - rats on the AIN-93G Cr  

        sufficient diet with an additional 200 μg Cr/kg; +1000 µg/kg Cr - rats on the AIN-93G 

        Cr sufficient diet with an additional 1000 μg Cr/kg………………………………………..68 

 

3.6   Area under the curve (AUC) for plasma glucose concentrations in insulin tolerance 

        tests for Zucker lean rats on the AIN93-G diets. No significant differences between 

        groups were observed.  No Cr - rats on the AIN93-G diet with Cr not included in the 

        mineral mix; Cr Sufficient - rats on a purified AIN-93G Cr sufficient diet; + 200 µg/kg 

        Cr - rats on the AIN-93G Cr sufficient diet with an additional 200 μg Cr/kg; +1000 µg/kg 

        Cr - rats on the AIN-93G Cr sufficient diet with an additional 1000 μg Cr/kg…………….69 

 

3.7   Plasma insulin levels in glucose tolerance tests for Zucker lean rats on the AIN93-G 

        diets.  Different letters indicate significant differences between groups.  No Cr - rats  

        on the AIN93-G diet with Cr not included in the mineral mix; Cr Sufficient - rats on  

        a purified AIN-93G Cr sufficient diet; + 200 µg/kg Cr - rats on the AIN-93G Cr sufficient 

        diet with an additional 200 μg Cr/kg; +1000 µg/kg Cr - rats on the AIN-93G Cr sufficient 

        diet with an additional 1000 μg Cr/kg………………………………………………...……70 

 

 



 

xxiv 

 

3.8   Area under the curve (AUC) for plasma insulin concentrations in glucose tolerance 

        tests for Zucker lean rats on the AIN93-G diets. Different letters indicate significant 

        differences between groups.  No Cr - rats on the AIN93-G diet with Cr not included 

        in the mineral mix; Cr Sufficient - rats on a purified AIN-93G Cr sufficient diet; 

        + 200 µg/kg Cr - rats on the AIN-93G Cr sufficient diet with an additional  

        200 μg Cr/kg; +1000 µg/kg Cr - rats on the AIN-93G Cr sufficient diet with an  

        additional 1000 μg Cr/kg…………………………………………………………………...72 

 

4.1   Percent distribution of 
59

Fe in C2C12 muscle cells at 60 min with 5 mM  

        
59

FeTf.  Nuc, Mito, Lys, Micro, and Cyt, represents nuclear, mitochondrial, 

        lysosomal, microsomal, and cytosol fractions respectively The * indicates  

        statistical different when compared to the fractions in Figure 4.2. …………......................87 

 

4.2   Percent distribution of 
59

Fe in C2C12 muscle cells at 60 min with 5 mM  

        
59

Fe2Tf and 50 mM lactic acid (MCT inhibitor).  Nuc, Mito, Lys, Micro, and 

        Cyt represent nuclear, mitochondrial, lysosomal, microsomal,and cytosol  

        fractions, respectively.  The * indicates statistical different when compared  

        to the fractions in Figure 4.1……………………………………….………….....................88 

 

4.3   Percent distribution of 
59

Fe in C2C12 muscle cells at 60 min with 5 mM  

        
59

Fe2Tf and DMSO.  Nuc, Mito, Lys, Micro, and Cyt,  represents nuclear,  

        mitochondrial, lysosomal, microsomal, and cytosol fractions respectively………..………89 

 

4.4   Percent distribution of 
59

Fe in C2C12 muscle cells at 60 min with 5 mM  

        
59

Fe2Tf and 5mM α-cyano-4-hydroxy-cinnamic acid (MCT inhibitor).   

        Nuc, Mito, Lys, Micro, and Cyt represent nuclear, mitochondrial, lysosomal,  

        microsomal, and cytosol fractions, respectively……………………………………………90 

 

4.5   Percent distribution of 
51

Cr in C2C12 muscle cells at 60 min with 5 mM  

        
51

CrTf.  Nuc, Mito, Lys, Micro, and Cyt represent nuclear, mitochondrial, 

         lysosomal, microsomal, and cytosol fractions, respectively.………………………………94 

 

4.6   Percent distribution of 
51

Cr in C2C12 muscle cells at 60 min with 5 mM  

        
51

CrTf and 50 mM lactic acid (MCT inhibitor).  Nuc, Mito,Lys, Micro, and  

        Cyt represent nuclear, mitochondrial, lysosomal, microsomal, and cytosol 

        fractions, respectively.……………………………………………………….......................95 

 

4.7    Percent distribution of 
51

Cr in C2C12 muscle cells at 60 min with 5 mM 

         
51

CrTf and DMSO.  Nuc, Mito, Lys, Micro, and Cyt represent nuclear,  

         mitochondrial, lysosomal, microsomal, and cytosol fractions, respectively.  The * 

         indicates statistical different when compared to the fractions in Figure 4.8...…………….96 

 

4.8    Percent distribution of 
51

Cr in C2C12 muscle cells at 60 min with 5 mM  

         
51

CrTf and 5mM α-cyano-4-hydroxy-cinnamic acid (MCT inhibitor).  Nuc,  

         Mito, Lys, Micro, and Cyt represent nuclear, mitochondrial, lysosomal,  

         microsomal, and cytosol fractions, respectively.  The * indicates  statistical  



 

xxv 

 

         different when compared to the fractions in Figure 4.7.…………………………………...97 

 

4.9    Total % of the dose taken up by C2C12 cells.   CHCA = α-cyano-4-hydroxy-cinnamic 

         Acid, and LA = lactic acid.  The * and ** indicates statistically significant differences 

         between  an experiment and its control.…………………………………………………....99 

 

6.1   
2
H NMR spectra of type 1 solid dissolved in 1.0 M HCl.  S – HDO; * - signals arising 

        from bound 2-d-nic………………………………………………………………………..143 

 

6.2   
2
H NMR spectra of type 2 solid dissolved in 1.0 M HCl.  S – HDO; * - signals arising 

        from bound 2-d-nic…………………………………………………………………….….144 

 

6.3   EPR spectra of “Cr
3+

 nicotinate” prepared by Evans method (type 1) – solid line, 

        patent method (type 2) – dotted line, Cooper method (type 3) – dashed line.   

(A) powder spectra, (B) powder dissolved in 1 M HCl, (C) initial solutions or  

supernatants, (D) Experimental spectrum of initial solution (type 1) – solid line, 

simulated – dotted line. Experimental parameters: microwave frequency, 9.76 GHz; 

microwave power, 20 dB; modulation amplitude, 5 G; receiver gain, 60 dB; T = 40 K….146 

 

7.1   Structure of basic carboxylate cations of the general type [Cr3O(O2CR)6(L)3]
+
……….....157 

 

7.2   Calculated (black bars) and experimental (gray bars) isotopic distributions for the 

        molecular ion in the ESI MS spectrum of [Cr3O(O2CCH2CH3)6(py)3]
+
…………...……..162 

 

7.3   Calculated (black bars) and experimental (gray bars) isotopic distributions for the 

         molecular ion in the ESI MS spectrum of [Cr3O(O2CCH2CH3)6(3-F-py)3]
+
…………….163 

 

7.4   Calculated and experimental isotopic distributions for the molecular ions in the  

        ESI MS spectra of [Cr3O(O2CCH2CH3)6(3-CF3-py)3]
+
 and 

        [Cr3O(O2CCH2CH3)6(4-CF3-py)3]
+
………………………………………………...…......164 

 

7.5   Calculated (black bars) and experimental (gray bars) isotopic distributions for the 

         molecular ion in the ESI MS spectra of [Cr3O(O2CCF3)6(H2O)3]
+
……………..………..165 

 

7.6   
19

F NMR of  [Cr3O(O2CCF3)6(H2O)3]
+
 in acetonitrile. * - free HO2CCF3…………….....168 

 

7.7   
19

F NMR of [Cr3O(O2CEt)6(3-F-py)3]
+
 in acetonitrile. * - free 3-F-py………...………....171 

 

7.8   
19

F NMR of [Cr3O(O2CCH2CH3)6(3-CF3-py)3]
+
 in acetonitrile. * - free 3-CF3-py……….174 

 

7.9   
19

F NMR of [Cr3O(O2CCH2CH3)6(4-CF3-py)3]
+
 in acetonitrile. * - free 4-CF3-py…….....175 



 

1 

 

 

 

 

 

 

Chapter 1 

Introduction 

1.1 Glucose Tolerance Factor and Start of chromium biochemistry 

Diabetes is a disease growing in prevalence that affects millions of people.  It can cause 

blindness, kidney failure, amputation of extremities, and heart disease.  This disease is divided 

into two main forms, type 1 and type 2 diabetes, and new form gestational diabetes.  Type 1 

diabetes is referred to as juvenile diabetes or insulin dependent diabetes.  Type 1 diabetes is an 

autoimmune disorder where the body attacks the β-cells of the pancreas preventing the 

production of sufficient insulin to signal the insulin sensitive cells in the body to uptake glucose 

from the bloodstream.  People with type 1 diabetes make up for the lack of insulin production by 

multiple daily insulin injections.  Type 2 diabetes is adult onset diabetes and arises from the 

insensitivity to insulin by the insulin sensitive cells.   People with type 2 diabetes produce 

sufficient amounts of insulin but their bodies do not respond to it.  They initially over produce 

insulin by the pancreas, which in time leads to the pancreas not producing insulin and make type 

2 diabetes have to have insulin injections.  95% of the cases in the United States are type 2 

diabetics.  People with type 2 diabetes first attempt to lower their glucose by a lifestyle change in 

diet and exercise. If the lifestyle change does not work, then people with type 2 diabetes are 

required to take medicine, such as metformin, which lowers glucose production in the liver. In 

more severe cases, patients might need shots of insulin to help combat the more severe or later 

stages of type 2 diabetes.  Insulin shots can become very painful, and sometimes the injections 

stop working in the region of the body where they are administered.  New research is constantly 
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conducted to determine if a new inexpensive drug or supplement could be taken by patients to 

reduce the need of current costly drugs.  A potential supplement that scientists have been 

investigating for many years is chromium (Cr).   

In 1955, Mertz and Schwarz observed that rats fed a Torula yeast-based diet apparently 

developed impaired glucose tolerance in response to an intravenous glucose load; however, an 

organic component called factor 3 seemed to reverse this response [1].  Further work by these 

researchers showed that various fractions of factor 3, when fed to rats, restored the glucose 

removal rate to normal. The researchers believed that they had indentified a new dietary 

requirement that was absent from the Torula yeast-based diet and responsible for the glucose 

intolerance, which they coined glucose tolerance factor or GTF [2].  Mertz and Schwarz 

subsequently proposed the active ingredient of GTF was Cr
3+

;
 

thus, the role of Cr as being 

considered an essential element was born.  Inorganic compounds containing Li, Be, B, F, Ti, V, 

Mn, Co, Ni, Cu, Zn, Ge, As, Se, Br, Rb, Sr, Y, Zr, Mo, Ru, Rh, Pd, Ag, Cd, Sn, Sb, I, Cs, Ba, La, 

Ce, Ta, W, Os, Ir, Au, Hg, Tl, Bi, Th, and U (200-500 g/kg body mass) could not restore 

glucose tolerance, while several inorganic Cr
3+

 complexes (200 g Cr/kg body mass) restored 

glucose tolerance from a < 2.8% per minute rate of removal of intravenously injected glucose to 

the approximately 4% rate of control rats [3].  Brewer’s yeast and acid-hydrolyzed porcine 

kidney powder were identified as natural sources of GTF [3].  The addition of Cr
3+

 salts (such as 

CrCl3) to the diet also reversed the glucose intolerance [3].  Porcine kidney powder and Brewer’s 

yeast could reverse the condition when added to the diet; both were found to be rich in Cr [4]. 

Mertz and coworkers claimed to have isolated GTF from Brewer’s yeast in 1977 [5].  The 

isolation procedure included harsh procedures such as an 18 hour reflux in 5 M hydrochloric 

acid, which would hydrolyze any proteins or nucleic acids. Therefore, the form of Cr obtained 
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after the treatment might not resemble the form in the intact yeast.  The extract from the acid 

hydrolyzed material was loaded on a cationic column with 0.1 N NH4OH and monitored by UV-

Vis spectroscopy at 262 nm.  From the distinct feature at 262 nm in the ultraviolet spectrum and 

mass spectral studies, the researchers suggested the presence of a pyridine moiety in the isolated 

GTF [5].  The authors identified nicotinic acid as a component of GTF; nicotinic acid was 

sublimed from the material and identified by extraction with organic solvents. The data or 

experimental details were not presented for the mass spectral, sublimation, or extraction studies.  

Amino acid analyses indicated the presence of glycine, glutamic acid, and cysteine, as well as 

trace amounts of other amino acids, although the relative amounts were not reported.  The results 

were interpreted to indicate that “GTF” was a complex of Cr, nicotinate, glycine, cysteine, and 

glutamate.  In paper chromatography experiments, the “GTF” generated several bands, only one 

of which was active in bioassays that measured the ability of a material to activate the 

metabolism of glucose by adipose tissue from rats on the Torula yeast diet in the presence of 

insulin.  The Cr in the active band represented only 6% of the total chromium [5].  

Characterization of bulk materials of which only a tiny minority is active makes deciphering the 

composition of the active component(s) difficult.  Based on the work by Mertz and coworkers, 

GTF has been proposed to be a Cr
3+

-glutathione-nicotinate complex as glutathione is a tripeptide 

of glutamate, glycine, and cysteine.  Synthetic complexes made from the combination of Cr
3+

, 

nicotinate, and glutathione have been reported to have similar biological activity to Brewer’s 

yeast “GTF” and bind tightly to insulin [6].  A three-dimensional structure has also even been 

proposed for Brewer’s yeast “GTF” that has two trans N-bound nicotinic acid ligands and amino 

acids occupying the remaining four sites of an octahedral around the chromic center [7].   
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By current research standards, these early studies were methodologically flawed (e.g., use 

of metal cages, no analysis of Cr content of diet, etc.), and their results are suspect [8-10].  The 

ability for GTF to stimulate glucose metabolism can be monitored by kinetic studies following 

the rate of glucose metabolism by isolated adipocytes from Cr-deficient rats over a range of 

insulin and GTF concentrations [9].  Analyses of these results show that GTF did not have any 

activity in the cells but just replenished Cr levels in the deficient rat cells.  It appears that the 

GTF inhibited insulin stimulation.  This seems to contradict the early proposal of the existence of 

GTF, which states that GTF enhances insulin and receptor interaction.  Work by the Vincent 

group suggests that GTF is possibly an artifact of the acid hydrolysis [9].  Cr has been 

demonstrated repeatedly to be separable from agents in yeast responsible for in vitro stimulation 

of glucose metabolism in adipocytes [8].   

1.2 Chromium transport 

Chromium is a transition metal with many oxidation states.  The hexavalent form of Cr is 

a carcinogen and a mutagen, but the thermodynamically most stable oxidative state of Cr is Cr
3+

.  

The Cr
3+

 administered in studies has been shown to increase insulin sensitivity along with 

decreasing blood glucose concentrations.  As Cr
3+

 is a cation, it needs a transporter to be 

transferred across the cell membrane.  The Fe
3+

 transporter transferrin has been shown to bind to 

Cr
3+

 and carry it into the cell.  Once in the cell, Cr binds to an oligopeptide called chromodulin.  

The structure of chromodulin has yet to be determined.     

The chromium biochemical mechanism in the body is not fully understood.  Cr
3+

 is 

known to bind to transferrin, the Fe
3+

 binding protein in the bloodstream, and to be taken into the 

cell as the transferrin complex.  Transferrin is the major iron transport protein in mammals; it 

possesses a molar mass of 80,000 Da and tightly binds two equivalents of Fe
3+

 at neutral and 
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slightly basic pH’s [11].  The exceptionally tight Fe
3+

 binding to the protein is in part due to its 

ability to bind ions with a large charge to size ratio.  Since Cr
3+

 has a similar charge and ionic 

radius to that of Fe
3+

, it readily binds to transferrin as well, with binding constants of K1=1.42 x 

10
10 

M
-1

 and K2=2.06 x 10
5
 M

-1
 [12]. Compared to Fe

3+
 binding constants Cr does not bind to 

transferrin as tightly but when Cr is bound Fe can only replace binding site [12].  When 
51

Cr-

transferrin was injected into rats, 
51

Cr was incorporated into tissues, and only one radiolabeled 

species appeared in urine [13].  The single 
51

Cr species in urine is the oligopeptide chromodulin 

based on the Cr content and molar mass of the species.  When insulin and 
51

Cr labeled transferrin 

are injected simultaneously in rats, there is a several fold increase in chromodulin in urine.  

Metal transport by transferrin is insulin-dependent allowing Cr to be transferred to chromodulin 

when insulin is present, to be excreted in the urine.  Although chromodulin rapidly appears in the 

urine after insulin administraton, reasonably rapid Cr homeostasis is maintained, as the levels of 

apochromodulin in tissues are identical 30 and 120 min after insulin injections.  

(Apochromodulin is the chromodulin oligopeptide before it binds chromium).  The role of 

chromodulin is not fully understood; when Cr is injected into mice, the lack of increased 

apochromodulin production suggests that Cr detoxification is not its main function [14].  

Normally when other (toxic and non-toxic) metals are located inside the cell and need to be 

removed they are scavenged by metallothioneins, the peptide that detoxifies the cell of copper, 

zinc, lead, and other soft metals.  Chromium, being a hard metal would not be removed by 

metallothioneins therefore it must be transported via a different compound. 

Only minute amounts of Cr are lost through bile [15].  The bile Cr occurs as part of a 

low-molar mass organic complex whose molar mass has not been determined.  The complex has 

been thought to be involved in passage of chromium from the liver to the bile [15]. 
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How the kidneys handle Cr is difficult to determine from the literature.  Studies before 

1980 suffer from analytical problems.  Tracer studies appear to be influenced by the form of Cr 

and by the species of animal used.  The variety of Cr compounds utilized generates the same 

problem in mammalian studies.  Studies that give different Cr complexes orally or intravenously 

may have introduced different Cr
3+

 species into the blood.  Tracer studies may not accurately 

reflect the fate of dietary Cr, as the Cr may be bound to different ligands than Cr would bind to 

in the natural diet.  The literature does show that Cr accumulates in the bone, kidney, spleen, and 

liver, and that Cr has specific transporters that regulate its movement [16].  Three-compartment 

models were used to fit the kinetics of chromium tissue/blood plasma exchange and distribution 

in rats and humans.  In these models, the three pools for Cr equilibrium are a small pool with 

rapid exchange, a medium pool with medium exchange, and a large pool with very slow 

exchange.   The small pool appears to represent Cr that is rapidly transferred from transferrin to 

chromodulin and lost in the urine [11]. Aging also appears to affect Cr distribution and transport 

[17]. 

The movement of chromium into and from cells is depicted in Figure 1.1.  The figure 

illustrates that Cr binds to transferrin, and once bound the Cr-transferrin binds to the transferrin 

receptor on the cell membrane.  This then becomes part of an endosome as part of endocytosis.  

Once inside the cell, Cr is released from transferrin, removed from the endosome by an unknown 

pathway, and binds to apo-chromodulin to form holo-chromodulin, which has four Cr
3+

 ions 

bound.  Then, the holo-chromodulin is rapidly excreted from the cell by some unknown 

transporter.  The cycling of transferrin receptor to the cell surface is an insulin-sensitive process 

therefore; Cr transport is also an insulin-sensitive process.  Cr
3+

 transport is unlike that of Fe
3+

, in 

that once Cr is transferred into the cell, it does not get reduced, whereas Fe
3+

 is reduced to Fe
2+

.  
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Once the Fe is in the reduced state, it is then pumped from the endosomes by divalent metal ion 

transporters.  Under biological conditions Cr cannot readily be reduced from Cr 
3+

 to Cr 
2+

; 

therefore, Cr probably requires biological chelating ligands to target it to different transporters to 

transport it out of the endosomes and into cell.   

Dietary carbohydrates affect Cr absorption and urinary excretion. In a human study, 

urinary Cr excretion was measured in 37 subjects that were fed diets high in complex 

carbohydrates or in simple sugars. Twenty-seven of the subjects had higher urinary Cr excretion 

with the high sugar diets [18].  Mice fed 50% starch retained more Cr in most tissues than mice 

fed 50% glucose, fructose, or sucrose. The animals were also dosed with 
51

CrCl3 and 2 mg/g 

body mass of starch, sucrose, fructose, or glucose. Two hours later, the animals fed starch had 

higher 
51

Cr in most tissues than did mice fed the simple sugars [11].  The pathway in Figure 1.1 

may explain the link between transferrin and chromodulin and the increase in serum glucose and 

insulin and the increase of Cr in urine.  The plasma membrane recycling of transferrin receptors 

is sensitive to insulin; increases in insulin result in stimulation of movement of transferrin 

receptor from vesicles to plasma membrane [19].  The increase of insulin levels should result in 

the increase transport of transferrin, which includes the portion containing bound Cr.  The Cr is 

transported from the blood to insulin-sensitive cells and then to the oligopeptide chromodulin.  In 

human euglycemic hyperinsulinemic clamp studies, increases in blood insulin concentrations 

following an oral glucose load result in significant decreases in plasma Cr levels; a subsequent 

infusion of insulin leads to further Cr losses [20].  The blood Cr levels recover 1.5 h after the 

insulin increase.  The amount of Cr excreted in the urine also increased.  Cr is released into the 

urine within 90 min of a dietary stress such as high sugar intake.  Homeostasis and urinary output 

studies suggest that Cr stored or maintained in the blood is mobilized in response to increases in 
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blood insulin concentrations where it ultimately appears in the urine in the form as chromodulin 

[20].   

Chromodulin is composed of only four amino acids – glycine, cysteine, aspartate, and 

glutamate; the last two amino acids (aspartate and glutamate) comprise more than half of the 

total number of residues [21].  Even though it has a small molecular weight, 1438 Da for the 

peptide from bovine liver, the molecule tightly binds four molar equivalents of Cr
3+

.  The 

binding is quite tight (Ka~ 10
21

 M
-4

) and highly cooperative (Hill coefficient, n=3.47) [12].  

Spectroscopic and magnetic studies suggest that the Cr
3+

 centers comprise an asymmetric 

trinuclear anion-bridged assembly supported by carboxylates from the oligopeptide with a fourth 

Cr center close enough to interact magnetically and electronically [21].  Chromodulin has been 

shown to activate the tyrosine kinase activity of insulin-activated insulin receptor and to activate 

a membrane phosphotyrosine phosphatase in adipocyte membranes [21].  In Figure 1.2 the 

mechanism for Cr to bind to apochromodulin is shown with the binding affinities [8].  The figure 

also depicts chromodulin binding to the insulin receptor in the cell.  Once chromodulin is bound 

to the receptor, the insulin receptor is fully activated, i.e. held in its active conformation.  
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Figure 1.1 Proposed chromium transport mechanism.  Chromium is stored in the blood 

bound to transferrin, then the chromium-transferrin complex binds to transferrin receptor 

and enters the cell, where the chromium binds to apo-chromodulin [11]. 
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Figure 1.2 Proposed mechanism for the activation of insulin receptor kinase by 

chromodulin in response to insulin.  The inactive form of insulin receptor (IR) is converted 

to the active form by binding of insulin (I).  Once insulin binds to IR, it triggers the uptake 

of chromium, via the proposed Cr-transferin process in insulin sensitive cells.  In the 

insulin sensitive cell, chromium binds to apochromodulin forming holochromodulin. 

Holochromodulin binds to insulin receptor, further activating the receptor kinase activity.  

When the insulin concentration decreases, holochromodulin is released from the cell to 

relieve its effects [8].  
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1.3 Chromium and its link to Nutrition 

 Cr in its trivalent oxidation state may play a role in insulin-dependent carbohydrate and 

lipid metabolism.  Various Cr compounds have shown to have positive effects on normal and 

diabetic models, rat and human, but only at pharmacological doses.  The estimated safe and 

adequate daily dietary intake (ESADDI) of 50-200 µg Cr per day was replaced by the Adequate 

Intake (AI) in 2001 by National Academies of Science.  AI is defined as “the recommended 

average daily intake level based on observed or experimentally determined approximations or 

estimates of nutrient intake by a group (or groups) of  apparently healthy people that are assumed 

to be adequate”.  The AI is to cover the needs for more than 97 to 98 percent of individuals.  

Humans with a normal healthy diet receive adequate Cr in their diet and generally a diet deficient 

in Cr would be very difficult.  The adequate amounts of Cr in a daily diet are 35 µg and 25 µg 

for men and women, respectively [22].  Under the old ESADDI, 90% of all Americans would 

theoretically have been Cr deficient, compared to < 2% under the AI. 

Cr picolinate is the most popular Cr supplement used by researchers and nutritional 

companies alike.  Anderson et.al preformed a study where 180 people in China with type 2 

diabetic participated to examine potential effects of Cr supplementation, as Cr picolinate.  Three 

groups, were utilized, the placebo, 200 µg Cr, and 1000 µg Cr per day, for four months, with 

their normal diet and living habits.  Blood was collected from each participant at 0, 2 months and 

4 months. Two samples per visit were collected, a fasting blood sample and a two-hour glucose 

challenge blood sample. For the fasting blood glucose concentrations and 2 h blood glucose 

concentrations, the 1000 µg Cr group showed a decrease in concentrations only at 4 months, but 

no statistical difference in these concentrations was observed in the placebo and 200 µg Cr 

groups.  Both Cr groups displayed a decrease in fasting blood insulin concentrations at 2 and 4 
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months.  This trend was also observed with both HbA1c (glycated hemoglobin), glycated protein, 

and cholesterol.  Cr supplementation (1000 µg/day) improved fasting serum glucose, insulin, 

glycated hemoglobin concentrations and insulin concentrations 2 h after a glucose challenge 

compared to placebo. Thus, supplemental Cr was shown to have pronounced effects on glucose 

and insulin variables in individuals with type 2 diabetes [23].   

Cr picolinate, at 1000 µg Cr/day was found to increase insulin sensitivity in humans. 

Increasing insulin sensitivity indicates an increase in the body’s ability to decrease blood glucose 

levels by stimulating the process of glycolysis [24].  After four months of administration, insulin 

sensitivity reached a plateau and did not increase further, therefore at the four month mark Cr as 

reached its maximum potential to increase insulin sensitivity. 

Meta-analysis of Cr human trials have been performed by two different groups.  The first 

group, Althius et al [25]., used studies on non-diabetic and type 2 diabetic subjects using the 

criteria of the Office of Dietary Supplements of the National Institute of Health.  The data from 

this review suggests that no evidence exists of a relationship between Cr supplementation and 

concentrations of glucose of insulin in non-diabetic subjects.  They found only four studies for 

the analysis and combined the data from the studies of the type 2 diabetics.  Of the four, 

Anderson et al. [23] was excluded because it was conducted in China, possibly making the 

results inapplicable to the Western Hemisphere.  Anderson et al. was the only investigator to 

report a dose response relationship between Cr, glucose, and insulin concentration in diabetic 

subjects vide supra.  The remaining three studies possessed inconclusive data on the diabetic 

subjects [25].   

The second meta-analysis reported by Balk et al [26]. was a more thorough analysis of Cr 

supplementation in terms of the number blood variables examined.  Forty-one controlled trials 



 

13 

 

examining the effects of Cr supplementation on glucose metabolism and lipids in diabetic and 

healthy subjects were identified.  About half of the studies were found to be experimentally 

sound.  Of the studies, eighteen were funded by non-industry sources, nine were funded by the 

food or supplement industry, and fourteen did not indicate a specific funding source.  Fifteen 

studies used Cr picolinate.  The meta-analysis indicates no benefit from Cr supplementation for 

healthy individuals.  These results along with Altius et al. on diabetic subjects reiterate the point 

that Cr supplementation has no benefit on healthy individuals.  Balk et al. identified eighteen 

studies using type 2 diabetic subjects.  Statistically relevant improvement in the glycemic control 

in type 2 diabetes subjects with the supplementation of Cr was found.  The effects of subjects 

supplemented by Cr picolinate were small but overall significant; however, the results were not 

clear.   Cr picolinate lowered HbA1c, but only in three out of fourteen cases.  In the industry 

sponsored studies, it was noted there was a trend of beneficial effects upon observing fasting 

blood glucose in the subjects.  Balk et al. concluded Cr supplementation has a small but 

beneficial effect on glucose metabolism in type 2 diabetic subjects; but as a result of the quality 

of the studies, more human studies are required.  Therefore, the information resulting from the 

two meta-analysis studies show that Cr picolinate may have beneficial effect on type 2 diabetic 

subjects but not on healthy subjects [26]. 

A trinuclear Cr
3+

 complex, the cation [Cr3(O2CCH2CH3)6(H2O)3]
+ 

, has been found to 

mimic low-molecular-weight chromium-binding substance (LMWCr) and activate the insulin-

stimulated insulin receptor kinase activity [27].  The complex [Cr3(O2CCH2CH3)6(H2O)3]
+
 was 

administered by gavage in four different dose; 1) control water, 2) 250 µg Cr/ kg body mass, 3) 

500 µg Cr/ kg body mass, and 4) 1000 µg Cr/ kg body mass) to healthy Sprague Dawley rats, 

ZKO rats (Zucker Obese, early stage of type 2 diabetes model rats), and ZDF rats (Zucker 
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Diabetic Fatty, type 2 diabetic model rats).  After 24 weeks, the trinuclear Cr cation complex was 

shown to have beneficial effects by lowering the fasting plasma levels of total and low-density 

lipoprotein (LDL) cholesterol, triglycerides, and insulin levels in ZKO and ZDF rats; only 

insulin and glucose levels were lower for healthy Sprague Dawley rats.  Data showed that the 

levels of glucose in the blood decrease in dose dependent fashion [28].  While both the Cr
3+

 

picolinate and the Cr trinuclear cation have been shown to have beneficial effects on genetic rat 

models with type 2 diabetes, only the trinuclear cation showed effects on healthy rats [28].   The 

trinuclear cation improves glucose, total cholesterol, triglycerides, insulin, LDL cholesterol and 

high-density lipoprotein HDL cholesterol levels in healthy rats [28].  The effects on the rats 

cannot be attributed to the propionate ligand.  No toxic effects were observed for the trinuclear 

cation supplementation, thus the compound may have the potential to be a therapeutic agent.  

The reduction of insulin concentrations for the healthy and obese diabetic rats was observed at 

week four in the study for the 500 and 1000 µg Cr/kg doses and not until week 12 for the 250 µg 

Cr/kg and control [28].   

The percent absorption of Cr in the male Sprague-Dawley rats dosed with the 

radiolabeled trinuclear cation 
51

[Cr3(O2CCH2CH3)6(H2O)3]
+
  has been measured.  At a low dose 

of 2 µg Cr, Cr is absorbed rapidly in the stomach (within 30 min). Eventually 60% of the dose is 

absorbed [29].   The absorption of the small dose decreases after 30 minutes and then slowly 

increases after 60 min.  This slow absorption suggests that the stomach absorbs quickly and then 

absorption decreases until the small intestines absorb the trinuclear Cr
3+

 complex at 60 min.  The 

absorption continues for up to 6 hours where it no longer is absorbed indicating that the large 

intestines do not absorb the trinuclear Cr
3+

 complex in small doses.  The larger dose (9.77 mg 

trinuclear Cr
3+

 complex) was not rapidly absorbed in the stomach like the small dose (10.26 µg 
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trinuclear Cr
3+

 complex).  The high dose saturates the stomach causing a slow increase in 

absorption by the large intestine, over the 24 hour period and beyond.  At either dose, a much 

larger percentage of Cr is absorbed compared to other Cr compounds, which are absorbed with 

approximately 1-2 % efficiency [29].     

1.4 Chromium essentiality 

Prior to the studies reported herein, the evidence for Cr being essential is suggestive but 

not definitive.  Of all of the studies that have been performed, only a small number even suggest 

that Cr may be essential.  Four lines of evidence suggest the need for Cr.  1) Several carefully 

controlled studies with rats have induced apparent Cr deficiency manifested by insulin 

insensitivity in glucose tolerance tests [30,31].  The studies suggest that the Cr deficient diet fed 

to rats resulted in a need for increased insulin production, which would suggest that Cr is 

required for maintaining the normal action of insulin.  The researchers used a diet that generated 

health problems in the low Cr group, therefore the results were from the diet and not the addition 

of Cr.  2) In humans, Cr deficiency has apparently been observed for 5 patients on total 

parenteral nutrition (TPN), where it resulted in symptoms similar to those of type 2 diabetes.  

The symptoms were reversed upon Cr supplementation of the TPN [32].
  
 This improvement 

would appear plausible for patients in the hospital receiving intravenous Cr, given that the Cr 

was directly placed into blood circulation.  However, comparing this to a regular diet where 

approximately 0.15 µg of Cr is absorbed in the bloodstream, these subjects received a very large 

dose of Cr.  TPN solutions provide 10-20 µg of Cr per day; therefore, the patients were not Cr 

deficient.  The Cr supplementation of the TPN was a pharmacological dose.  3) In humans, Cr 

absorption is inversely proportional to intake [33].  The single human study showed that intake 

of a low Cr diet (15 µg/day) leads to Cr absorption of about 2%, while a high intake of Cr (35 



 

16 

 

µg/day) leads to an absorption of about 0.4 %.  This has not been reproduced to date; the data 

lacked thorough error analysis.  4) Changes in plasma insulin levels result in changes in urinary 

Cr excretion. It is not known if the loss of Cr in the urine is a cause or effect.  Individuals under 

stresses such as type 2 diabetes have abnormally high loss of Cr via the urine.  Evaluating the 

relationship between these stresses and effects on humans or other mammals potentially related 

to changes in Cr nutritional status requires a method for the assessment, which is currently 

lacking.  The development of an assessment protocol has proven elusive [22,34]; for example, 

urinary and plasma Cr concentrations do not correlate with tissue Cr or plasma glucose, insulin, 

or lipids levels [34]. Each of these lines of evidence is not without problems (see Refs. 35 and 36 

for reviews).   

Some studies state they fed a Cr deficient diet to rats; however, some math is required to 

put this into perspective.  The average daily intake for humans is 30 µg Cr; assuming an average 

body mass of 60 kg, 30 µg per day is equal to 0.5 µg/kg body mass.  A 100 g rat consumes about 

15 g of food per day [37].  Therefore, 15 g (0.015 kg) of food containing 33 µg Cr/ kg food 

provides approximately 0.5 µg Cr.  Thus, 0.5 µg Cr per day for a 0.100 kg rat is 5 µg Cr/kg body 

mass per day, which is ten times what a human intakes(60 kg x 5 µg Cr/kg = 300 µg Cr).  

Therefore, the diets are not deficient unless rats require ten times more Cr than humans.  

The question of whether Cr is essential could be resolved if Cr could be shown to be 

involved as part of a biochemical pathway and thus essential for maintenance of proper health.  

Similarly, if Cr is an essential element, a specific transport mechanism to properly distribute and 

deliver the element should exist.   The following chapters present work that examines the 

question of Cr essentiality. 
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Chapter 2 

Urinary chromium loss associated with diabetes is offset by increases in absorption 

2.1. Introduction 

  The current evidence for Cr being essential is suggestive but not definitive.  Four lines of 

evidence suggest the need for Cr, each of these lines of evidence is not without problems (vide 

supra).  One of the lines of evidence is that changes in plasma insulin levels result in changes in 

urinary Cr excretion however, it is unknown if the changes in insulin cause higher loss of Cr or if 

higher loss of Cr causes changes in insulin. In other words, is the loss of Cr in the urine a cause 

or effect?   This situation could be resolved if Cr could be shown to be an intricate part of a 

biochemical pathway and thus essential for maintenance of proper health.  If Cr is an essential 

element, a specific transport mechanism to properly distribute and deliver the element should 

exist.  With the level of the daily adequate intake (AI) of Cr being revised downward to 30 g, a 

nutritionist-selected diet appears to be capable of maintaining a positive Cr balance.  The new 

adequate intake value indicates that greater than 98 % of all Americans receive an adequate dose 

of Cr in their diet.  Under the old values of ESADDI 90% of all Americans would theoretically 

have been Cr deficient.   

  A major question in chromium nutritional and biochemical research is whether 

individuals who possess conditions that result in or are related to improper carbohydrate and 

lipid metabolism such as type 2 diabetes can benefit from Cr supplementation (at nutritional 

levels).  This is particularly significant for individuals under stresses that could result in 
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abnormally high loss of Cr via the urine.  Unfortunately, evaluating the relationship between 

these stresses and effects on humans or other mammals potentially related to changes in Cr 

nutritional status requires a method for the assessment of Cr nutriture, which is currently lacking.  

The development of an assessment protocol has proven elusive [1,2]; for example, urinary and 

plasma Cr concentrations do not correlate with tissue Cr or plasma glucose, insulin, or lipids 

levels [2].   

Cr supplementation may result in beneficial responses in human subjects with 

demonstrated glucose intolerance [3,4].  Most notable is a study using 185 adult-onset diabetic 

patients in which decreases in the concentration of fasting serum glucose, insulin, hemoglobin 

A1C and total cholesterol as well as decreased glucose and insulin levels in response to glucose 

challenges were observed as a result of Cr supplementation in a dose responsive manner [5].  

The doses in this study were pharmacological, not nutritional, and most human studies, 

particularly well performed studies, have failed to observe an effect from chromium 

supplementation [6].  However, studies with diabetic model rodents using pharmacological doses 

of chromium (much higher in terms of mg Cr/kg body mass than those in the human studies) 

have almost uniformly observed beneficial effects in plasma glucose, insulin, cholesterol, and/or 

triglycerides levels [7]. 

Yet whether these results reflect restoration of Cr balance remains unknown [8].
 
 Loss of 

Cr balance would appear to be possible as, for example, type 2 diabetes patients have been found 

to possess ~33% lower plasma Cr and almost 100% higher urine Cr than healthy individuals [9]. 

Patients with diabetes for several years had urinary Cr losses less than those of the control group.  

This study then suggests that insulin resistance (and associated increased non-fasting plasma 

insulin and glucose levels) could possibly result in increased mobilization of Cr from the blood 
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with corresponding increased urinary Cr loss until Cr stores are depleted, resulting in decreased 

mobilization and urinary Cr loss [9].  Similarly, rat models of diabetes excrete greater amounts 

of chromium than their healthy counterparts [10]. This has been used to support postulates that 

Cr deficiency exacerbates the symptoms of diabetes and that Cr supplementation can thus 

reverse the symptoms to a degree. 

Several types of stress, not just type 2 diabetes, have been associated with increased 

urinary Cr losses (including insulin resistance associated with obesity, diabetes, or steroid 

administration; glucose loading; acute exercise; and physical trauma) (See Ref. 11 and references 

therein this chapter ).  Several studies have examined the effects of Cr supplementation on farm 

animals during times of stress such as shipping.  The results of these studies have been overall 

inconclusive as conditions, Cr source and amount, etc. vary appreciably from study to study and 

studies tend to be small (Ref. 12 and references therein this chapter).  Yet, according to 

Lindemann [12], enough studies, particularly with swine and cattle, have observed positive 

effects to merit continued study.  While urinary Cr losses under a variety of conditions have been 

reported, as this loss is readily measured, effects of stresses on Cr absorption have not been 

measured.  Without knowing whether Cr losses under stress are offset by increases in absorption, 

determining whether these losses can lead to Cr deficiency is not possible.  Indeed, if Cr 

deficiency does not develop, then the administration of nutritional doses of Cr to minimize the 

effects of stress would not be necessary, questioning the current use of Cr supplements in farm 

animal feeds. 

  Herein, the use of Zucker obese and Zucker diabetic fatty (ZDF) rats to establish whether 

rats under stress (diabetes and obesity associated insulin resistance) have altered levels of 

chromium absorption compared to Zucker lean rats.  If these conditions lead to increases in 
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chromium absorption, then increased urinary Cr losses resulting from the conditions are unlikely 

to lead to chromium deficiency.  However, if absorption of Cr is unaltered or decreased, then 

increased urinary Cr loss from these and related conditions should eventually lead to Cr 

deficiency, which could be treated by chromium supplements at nutritional levels.  Implications 

on whether chromium is an essential element and whether chromium acts as a nutritional 

supplement or pharmacological agent will also be discussed. 

2.2. Experimental 

2.2.1. Materials and Instrumentation 

  
51

CrCl3 was obtained from MP Biomedicals, Inc.  The 
51

CrCl3 was diluted with 100 mL 

of doubly-deionized water and mixed with CrCl3 to bring the Cr concentration to its needed final 

concentration.  Gamma-counting was performed on a Packard Cobra II auto-gamma counter. 

2.2.2. Animals   

The University of Alabama Institutional Animal Care and Use Committee approved all 

procedures involving the use of rats.  Twenty-one male rats (six-weeks of age) of each Zucker 

lean, Zucker obese (a insulin-resistant model of obesity and early stage type 2 diabetes), and 

Zucker diabetic fatty, ZDF, (a type 2 diabetes model) rats were obtained from Charles River 

Laboratory  and acclimated to their cages for two weeks (2 rats per cage).  Zucker obese rats 

have a mutation in the gene for the receptor for the hormone leptin; as a result, the rats become 

obese, have elevated plasma cholesterol and triglycerides levels, and have high normal plasma 

glucose and insulin concentrations; the ZDF rats have an additional (yet to be identified) 

mutation which results in their developing the full range of symptoms associated with type 2 

diabetes.  The rats were maintained on a 12-h light/dark cycle.  The rats were housed for 16 

weeks, to ensure the ZDF rats developed diabetes, prior to the absorption experiments.  The 
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Zucker lean and obese rats were fed a standard commercial rat diet (Harlan Teklad LM-485 

Mouse/ Rat Sterilizable Diet).  The ZDF rats were fed a commercial high fat diet (Formulab Diet 

5008), previously shown to assist in the development of diabetic symptoms.   Both diets have 

previously been shown to be chromium sufficient [13,14].  The rats were allowed to feed and 

drink ad libitum.  After the 16 week period, experiments were initiated by gavaging the rats with 

an appropriate volume of an aqueous 
51

CrCl3 solution (3μg Cr/kg body mass), after which they 

were placed in metabolic cages for selected time intervals for feces and urine collection.  The 

time intervals were 30, 60, 120, 360, 720, 1440, and 2880 min.  The rats were allowed to feed 

and drink ad libitum after Cr administration.  Before administration of Cr, the blood glucose 

levels of the ZDF rats were tested to ascertain all had developed diabetes; blood glucose 

measurements were made with a One Touch Ultra from tail slits.  At the 16 week point, five 

random rats from the lean group and five random rats from the ZDF group were chosen for blood 

glucose measurements. This was performed to see if in fact the ZDF rats were diabetic by 

comparing the blood glucose concentration of the two groups. The lean rats had glucose readings 

in the normal range and the ZDF had high glucose readings indicating that they were in fact 

diabetic. 

2.2.3 Sample Collection  

  At the end of each time interval, the rats were sacrificed by CO2 asphyxiation.  Blood and 

tissue samples were harvested and placed into pre-weighed 50 mL disposable centrifuge tubes.  

The stomach, small intestine, large intestine, heart, liver, spleen, testes, kidneys, epididymal fat, 

right femur, pancreas, and muscle (muscolus triceps surae) from right hind leg were collected 

and weighed; urine and feces were also collected and weighed.   Blood and muscle were 

assumed to comprise 6% and 30% of the total body mass, respectively, for calculations [15].  For 
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the Zucker obese rats with their large fat content, muscle was assumed to compromise 16% of 

the total body mass.  Studies of the muscle content of the hind legs [16] and carcass (body minus 

tail, internal organs, and gastrointestinal tract) [17] both reveal about a 53% percent reduction in 

the % muscle composition of Zucker obese rats versus their normal counterparts. 

 To ensure that 
51

Cr in the urine was in fact coming from the urine and not from the urine 

rinsing it out of the feces, a small scale experiment, by Sharifa Love, was set up by placing feces, 

that had large amounts of 
51

Cr, in a metabolic cage with a normal rat and collecting the urine.  

The 
51

Cr was determined by gamma counting. 

2.2.4 Statistical Analysis   

Each data point in the figures represents the average value for three rats, except for the 30 

min ZDF rats as one rat died of apparent heart complications (common for the disease model) 

shortly before the Cr administration was to begin.  Error bars in the figures denote standard 

deviation.  The data from each replicate was calculated independently, tested for homogeneity of 

variance by the Levine statistic using SPSS (SPSS Inc. Chicago, Il), and pooled and analyzed to 

give the reported results. Data was analyzed by repeated measures ANOVA and MANOVA.  

Specific differences (p≤0.05) were determined by a Bonferroni post-hoc test.  The statistical 

analysis was performed on SPSS by Kristin Di Bona.  

2.3. Results and Discussion      

Each group of rats were gavaged with a solution of 
51

Cr
3+

 (3 g/ kg body mass) as 
51

Cr 

chloride (a trace amount) in water with addition of CrCl3.  Assuming a human has an average 

body mass of 65 kg, the dose corresponds roughly to a human receiving 200 g Cr daily.  

Commercial Cr-containing nutritional supplements generally contain 200 to 600 g Cr; thus, the 

dose is equivalent to that of a human taking a nutritional supplement.   
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     With time, the 
51

Cr can readily be followed through the gastrointestinal tract (Figure 2.1).   At 

least 90% of the administered dose clears the stomach in 60-120 minutes for the lean and ZDF 

rats, while only ~80% of the dose passes through the stomach after two hours for the obese rats.  

Anderson and Polansky [18] have examined the fate of CrCl3 given by gavage administration to 

rats; in 30 minutes, approximately 90% of the Cr had passed through the stomach and the first 15 

cm of the small intestine.  After 1 h, almost 100% of the Cr was in the lower portion of the small 

intestine and the large intestine.  After 24 h, about 55% of the label was still in the lower portion 

of the small intestine and the large intestine [18]; the quantity of Cr in the feces was not reported.  

In the current study, the content of the label in the small intestine of all the groups reached a 

maximum in 1 h, although for the ZDF rats the amount in the intestine is statistically equivalent 

between 1 and 2 h.  The maximum content of the label in the large intestine is reached at 6 h, 

although for the lean rats the amounts are equivalent at 6 and 12 h.  This passage through the 

gastrointestinal tract is accompanied by increased loss of the label in the feces with time (Figure 

2.1).  Nearly 100% of the administered label was lost in the feces within 48 hours of treatment 

for all three groups.  The experiment to examine if 
51

Cr was rinsed from the feces into the urine 

showed that little to no 
51

Cr was rinsed out of the feces into the urine.  
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Figure 2.1A 
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Figure 2.1B 
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Figure 2.1C 

 

Figure 2.1 Distribution of 
51

Cr from 
51

CrCl3 in the gastrointestinal tract and feces as a 

function of time: A) Zucker lean rats, a-significantly different from Zucker obese rats 

(P<0.05), b-significantly different from ZDF rats (P<0.05); B) Zucker obese rats, a-

significantly different from Zucker lean rats (P<0.05), b-significantly different from ZDF 

rats (P<0.05); and C) ZDF rats, a-significantly different from Zucker lean rats (P<0.05), 

significantly different from Zucker obese rats (P<0.05). 
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51
Cr appeared rapidly in bloodstream, reaching a maximum for each group 30 min to 1 hr 

after administration (Figure 2.2).  After one hour the amount of Cr in the bloodstream dropped 

quickly.  The level returned near the baseline after 2 h for the lean and ZDF rats and by 6 h for 

the obese rats (Figure 2.2).  The appearance of Cr in the tissues closely mirrored the appearance 

in the bloodstream as a function of time, reaching a maximum 30-60 min after administration 

with a subsequent rapid loss of the radiolabel (Figures 2.3 and 2.4).  Thus, the Cr, which is 

rapidly absorbed from the stomach and/or small intestine (vide infra), rapidly passes through the 

bloodstream to the tissues and then to the bloodstream for elimination.  Of the tissues examined, 

by far the most Cr is found in the skeletal muscle.  The maximum retained dosage in the muscle 

was ~0.8 % for the lean rats, ~0.4 % for the obese rats, and ~0.6 % for the ZDF rats.  For the lean 

and obese rats, the percentage of absorbed dose in any other tissue never exceeds ~0.06 % of the 

applied dose, while over 0.15 % of the applied 
51

Cr appears in the liver of the ZDF rats. Besides 

the liver, skeletal muscle, and gastrointestinal tract, only the kidneys of the harvested tissues 

possess a notable amount of Cr, at maximum 0.01-0.02 % of the applied dose for the lean and 

obese rats and ~0.04 % for the ZDF rats.  In previous studies examining gavage administered Cr 

chloride and Cr nicotinate, muscle contained the greatest quantity of the administered dose at all 

time points up to 24 h after administration, followed by the liver [15].  The situation for Cr 

picolinate is similar except that the kidneys contain more Cr than the liver for the first 3 h after 

administration [15].  One to two days after Cr administration, the amount of Cr in the liver of all 

three groups of rats increases.  This has been observed previously in kidney and/or liver with 

other forms of Cr [19; J.B. Vincent, unpublished results], where it has been attributed to 

movement of Cr into a slowly exchanging pool of Cr in this tissue. 
51

Cr in tracer studies 

accumulates in the bone, kidney, spleen, and liver (for example, Ref.’s 20-27).   
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Figure 2.2A 
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Figure 2.2B 
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Figure 2.2C 

 

Figure 2.2  Distribution of 
51

Cr from 
51

CrCl3 in the blood and urine as a function of time: 

A) Zucker lean rats, a-significantly different from Zucker obese rats (P<0.05), b-

significantly different from ZDF rats (P<0.05); B) Zucker obese rats, a-significantly 

different from Zucker lean rats (P<0.05), b-significantly different from ZDF rats; and C) 

ZDF rats, a-significantly different from Zucker lean rats (P<0.05), b- significantly different 

from Zucker obese rats (P<0.05). 
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Figure 2.3A 
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Figure 2.3B 
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Figure 2.3C 

 

Figure 2.3 Distribution of 
51

Cr from 
51

CrCl3 in the right femur, heart, skeletal muscle, 

testes, and epididymal fat as a function of time: A) Zucker lean rats; B) Zucker obese rats, 

a-significantly different from ZDF rats (P<0.05); and C) ZDF rats, a-significantly different 

from Zucker obese rats (P<0.05). 
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Figure 2.4A 
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Figure 2.4B 
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Figure 2.4C 

 

Figure 2.4 Distribution of 
51

Cr from 
51

CrCl3 in the pancreas, spleen, liver, and kidney as a 

function of time: A) Zucker lean rats; B) Zucker obese rats; and C) ZDF rats. 
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A three-compartment model has been proposed to examine the kinetics of chromium 

tissue exchange and distribution for studies with rats and humans [20,23,24].  Plasma chromium 

is in equilibrium with the three pools: a small pool with rapid exchange (T1/2<1 day), a medium 

pool with a medium rate of exchange (days), and a large, slowly-exchanging pool (months).  The 

increase in Cr in the liver between 1 and 2 days after administration may reflect Cr moving into 

the medium exchange (and possibly also slow exchange) pool. 

The disappearance of chromium from the blood and the tissues after approximately the 

first hour after administration of the radiolabel is accompanied by the rapid appearance of 

chromium in the urine.  For the lean and obese rats, the amount of Cr in the urine rises to 

approximately 0.3-0.6% of the applied dose.  In contrast, the amount of the radiolabel in the 

urine of the ZDF rats rises to about 1% of the applied dose.  The Cr content of the ZDF urine is 

statistically greater than that of the obese and healthy rats at most of the time points during the 

study.  A negligible amount of 51Cr washed into the urine from the feces. 

In theory, adding together the Cr content of the gastrointestinal tract and feces would 

allow the percentage of Cr absorbed to be estimated; however, the extent of absorption is 

considerably smaller than the error in this calculation.  The extent of absorption can be estimated 

by totaling the Cr content of the blood, urine, muscle, and liver as the content of the other tissues 

examined are basically negligible.  For the lean rats, ~1.1 % of the applied dose is retained after 

30 minutes and 1 h.  For the Zucker obese rats, ~0.7 % of the applied dose is retained after 30 

minutes, and ~1.1 % of the applied dose is retained after 1 h.  Thus, other than the apparently 

slower absorption process is the Zucker obese rats, the retention of chromium is similar between 

the Zucker lean and Zucker obese rats.  In contrast, the ZDF rats retain greater quantities of Cr.  

Approximately 1.3% of the applied dose is retained after 30 minutes, and ~1.8% of the applied 
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dose is retained after 1 h.  Thus, the ZDF rats appear to absorb approximately twice as much Cr 

as their lean and obese counterparts.   The ZDF rats have more 
51

Cr appear initially in the tissue 

and bloodstream, followed by a greater quantity of Cr appearing in the urine. 

The magnitude of the absorption of the Cr from CrCl3 in the Zucker lean and Zucker 

obese rats is comparable to that in other studies.  In humans, dietary Cr is absorbed with an 

efficiency of ~0.5-2% [28].  In rats, Olin et al. [15] and Anderson et al. [29] have shown that Cr 

chloride, Cr nicotinate, and Cr picolinate (popular forms of Cr
3+

 in nutritional supplements) are 

absorbed to similar extents (0.5-1.3% of the gavaged dose of 0.14 or 0.15 g Cr, respectively, 

after 24 h).    Using whole body counting, Kottwitz, et al. found that rats given doses of Cr as 

CrCl3 between 0.02 g and 50 g had ~0.10-0.20% of the dose retained [30].  The poor 

absorption can readily be understood based on the chemistry of these compounds.  Commercially 

available Cr chloride, “CrCl3”, is actually the salt trans-[CrCl2(H2O)4]Cl as the solid.  In aqueous 

solution, the compound is susceptible to hydrolysis and oligomerization, especially at basic pH’s, 

leading to the formation of numerous multinuclear hydroxo-bridged chromic species.  Thus, Cr 

in the complex upon exchange of the aquo ligands can bind to biomolecules and be carried by 

large biomolecules through the gastrointestinal tract or can undergo oligomerization and 

polymerization to form species of limited solubility, especially at the alkaline pH of the 

intestines.  Chromium nicotinate is poorly characterized and has limited solubility; the nicotinate 

ligands are relatively labile, generating forms of Cr susceptible to bind to biomolecules and 

undergo olation chemistry [31].  Chromium picolinate has very limited solubility in water (0.6 

mM) [32] and in other common solvents and is not particularly lipophilic [33].  In contrast, the 

molecular cation [Cr3O(O2CCH2CH3)6(H2O)3]
+
 (or Cr3), is extremely soluble in water (contra Cr 

nicotinate and picolinate) and appears to be able to maintain its integrity in vivo [34], not 
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breaking down in the gastrointestinal tract (contra CrCl3 and Cr nicotinate).  Depending on dose, 

Cr3 is absorbed with at least 40-60% efficiency [19].   

Absorption occurs primarily during the first 60 minutes, as reflected by maximum 

retention of Cr in the body during this time.  This suggests that absorption of Cr from the 

administered Cr is rapid from the stomach and/or small intestine.  The appearance of chromium 

in the blood and tissues as a function of time closely mirrors the percentage of applied Cr in the 

small intestines, suggesting that the small intestines may be the more important player in 

absorption.  This is in contrast to trinuclear Cr
3+

 complex, which is absorbed rapidly in the 

stomach before entering the intestines, although the complex appears to be absorbed by the small 

intestine as well.  Absorption appears to be essentially complete after 2 h.  Thus, Cr absorption 

appears to stop as Cr enters the large intestine.  Consequently, Cr absorption is essentially 

limited to the stomach and small intestine under these conditions.   

          Comparison data exists, although it is extremely limited.  In 1979, Kraszeski and 

coworkers examined the blood serum and tissue Cr concentrations of healthy and streptozotocin 

(STZ)-induced diabetic rats one day and 3 days after an intravenous injection of 
51

Cr; Cr was 

given in the form of CrCl3 mixed with heparinized plasma [26].  Serum Cr levels were higher in 

the diabetic rats, but the levels returned to normal when the diabetic rats received daily insulin 

injections (2 insulin units per 100 g body mass) for a week before Cr administration (the last 

insulin injection was 18 hours before Cr administration).  Diabetic rats had less retention of 

chromium (indicating they had greater urinary losses), and the effect could be partially reversed 

by insulin.  The STZ-treated diabetic rats generally had increased Cr content in the liver and in 

some experiments had increased content in the pancreas and heart; the increased liver Cr content 

was reversed by insulin treatment [33].  The average liver Cr concentration of STZ-treated rats 
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two h after Cr administration was determined in a related study by Clodfelder, et al. [10] and was 

significantly larger than that of healthy rats, but the levels become equivalent after insulin 

treatment.  Cr
3+

 was introduced as Cr
3+

2-transferrin; chromium is stored in the blood plasma as 

its transferrin complex.  These workers also observed increased urinary chromium loss and 

increased tissue chromium levels that were reversed upon insulin treatment; thus observations 

are consistent between these two studies.  Clodfelder and coworkers also examined Zucker obese 

rats in these studies [10].  The obese rats had greater urinary Cr loss than the healthy rat, 

although the Cr loss was reduced by insulin treatment to near levels of the healthy rats.  Levels 

of Cr in the bloodstream with and without insulin treatment were similar in the obese and healthy 

rats.  Cr content in the liver was only slightly higher in the obese rats, while insulin treatment led 

to a greater increase in liver Cr for the healthy rats than the obese rats.  Cr content in the muscle 

was greater in the obese rats, both before and after insulin treatment.  The results of this study 

allow for some comparison with the present study.  However, Anderson and Polansky have 

reported no effects from insulin and several other hormones on Cr retention in healthy and STZ-

induced diabetic rats [18].  While no data were presented, 0.6-500 milliunits of insulin were 

stated to have had no effect on the fasted 200-250 g rats 1, 4, or 24 h after injection of 
51

CrCl3.  

The form of insulin was not stated, and the time intervals between administration of insulin to 

the rats and the chromium administration are unclear as the “hormones were administered at 

times ranging from simultaneous injection of hormone to 24 hours before gavage of labeled Cr” 

[15].  Mathur and Doisy [35] compared the results of the intravenous administration of 
51

CrCl3 to 

healthy and STZ-treated rats.  Cr contents of several tissues and the distribution of Cr in 

hepatocytes were examined.  Unfortunately, the Cr content and distribution were examined 4 

days after injection for the healthy rats and 5 days after for the diabetic models.  Thus, 
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comparison between groups is problematic, and the results are not comparable to other studies 

examining the rapid stages of Cr transport.  Because the Cr was introduced intravenously in all 

these studies, they provide no information on whether absorption of chromium is affected by the 

diabetic conditions; however, the studies of Clodfelder, et al. do demonstrate that the kinetics of 

the movement of Cr from the bloodstream to tissues and ultimately to the urine is altered in 

Zucker obese rats compared to healthy rats. 

Feng and coworkers have examined the distribution of Cr in healthy and alloxan-induced 

diabetic rats [36].  The form of chromium administered was not determined, but given the 

preparation procedure, the form was probably [Cr(H2O)6]
3+

.  The Cr was administered 

intragastrically to fasted rats; thus, tissue and fluid Cr levels were influenced by absorption rates. 

Cr content in the stomach, small and large intestines, feces, urine, blood, liver, kidneys, muscle, 

femur, testes, heart, spleen, lung, pancreas, and brain were measured 1, 2, 4, 8, 24, 48, 96, and 

168 h after administration.  Although the rats in the present work were not fasted, the results of 

Feng, et al. do allow for comparison of the results with the type 2 diabetes models to those of the 

alloxan-induced, type 1 diabetes model.  The distribution of the label with time in the 

gastrointestinal tract of the alloxan-treated rats is very similar to the three groups of rats in the 

current study.  More than 90% of the Cr passed through the stomach in one hour, when over 80% 

of the label was located in the small intestine; the maximum level in the stomach (80-90% of the 

applied dose) was reached between 2-8 hours after application in the healthy rats and 4 hours 

after dosing in the alloxan-treated rats.   The levels of Cr in the blood and liver were maximal 1 h 

after administration and similar in diabetic and control rats.  In contrast, Cr levels in the muscle 

were maximal 4 h after administration and almost four times higher than the level in controls 

(which were maximal at 1 h).  For the diabetic rats, levels of Cr in the kidney, liver, and femur 
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rose from 8-24 h after administration, again potentially representing Cr movement into the 

medium-exchanging pool. After the Cr content of the blood and tissues had risen initially and as 

the Cr content began to drop, the Cr content of the urine increased, with the Cr content of the 

urine being two times higher for the alloxan-treated diabetic rats after 48 hours and over four 

times higher after 168 hours. The alloxan-treated diabetic rats had greater Cr absorption and 

greater urinary Cr excretion than controls [36].    

Thus, the results of the current study in addition to those of Feng and coworkers indicate 

that type 2 diabetic rats and type 1 diabetic rats have increased urinary Cr loss as a result of their 

diabetes; however, this increased urinary Cr loss is offset by increased absorption of Cr.  Insulin 

resistant, obese rats have alterations in the rates of Cr transport and distribution compared to lean 

rats but have similar urinary Cr loss and Cr absorption.  Thus, any increases in urinary Cr loss 

associated with insulin resistance or diabetes are offset by increased absorption.  Given that 

dietary Cr is normally absorbed with only ~1 % efficiency, suitable Cr exists in the diet such that 

a standard diet possess sufficient chromium to allow for the increases in absorption associated 

with diabetes.  Consequently, supplementing the diet with nutritionally relevant quantities of Cr 

is not anticipated to have any beneficial effects.  Similarly, beneficial effects on plasma variables 

such as cholesterol, triglycerides, and insulin concentration, from supra-nutritional doses of Cr
3+

 

complexes should not arise from alleviation of chromium deficiency.  These beneficial effects 

must arise from pharmacological effects of high dose Cr
3+

.   

Further research is required to determine whether nutritional doses of Cr might be 

beneficial to subjects with gestational diabetes.  Pregnant women are reported to have greater 

urinary Cr loss than non-pregnant women, and more insulin resistant pregnant women tended to 

excrete more Cr than pregnant women with less insulin resistance [37]. Women with gestational 
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diabetes have increased levels of Cr in hair [38]. Women with gestational diabetes have 

equivalent levels of plasma Cr compared to non-diabetic pregnant women [39], yet the 

concentration of plasma Cr does not correlate with the glucose tolerance of these women [40].  

Data is needed on Cr absorption in pregnant subjects to determine whether they can maintain Cr 

balance. Cr absorption and excretion in lactating women has been reported to be similar to those 

of non-pregnant, non-lactating women [41]. 

Translating these results is difficult as studies of Cr absorption in humans are limited [42, 

43-45].  These studies tend to look at urinary Cr loss at one time period after Cr supplementation 

[43,44] or several time intervals over a period of days [45].  However, the extent of absorption is 

in the same range of ~2% or less for chromium picolinate and other commercial Cr supplements.  

One reported difference is that dietary Cr absorption has been reported to vary from ~0.5 to ~2% 

as a function of intake for humans [42], while being independent of intake for rats [30].  While 

the rat study could be performed under very controlled conditions, the human study utilized self-

selected diets that were analyzed for Cr content [42].  Fitting a plot of average Cr intake per day 

over a 7-day period vs. % absorption based on urinary Cr output generated a line with a slight 

negative slope indicating an inverse relationship between intake and absorption.  However, no 

error analysis was reported.  This study, upon which many determinations about the necessity of 

Cr have been based (vide infra), needs to be reproduced with statistical analysis. 

Cell culture studies suggest that Cr supplementation, particularly in the form of 

chromium picolinate, may have toxic, particularly genotoxic effects [reviewed in 46].  The 

complex also appears to give rise to oxidative damage when administered intravenously [47]. 

The picolinate ligands appear to alter the redox potential of the chromic center so that it can enter 

into deleterious redox chemistry under physiological conditions [48].  However, a recent study 
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fed male and females rats and mice varying amounts of chromium picolinate (up to 5% of the 

diet by mass) for two years; while no beneficial effects were observed, neither were any 

consistent deleterious effects [49].  This can readily be explained by recent studies that show that 

chromium picolinate is not absorbed intact; less than 1% of chromium from the supplement is in 

the bloodstream intact [50].  Thus, the complex appears to breakdown in the stomach, serving 

only a source of Cr
3+

 similar to other commercial forms of Cr supplements.  Both the United 

States Food and Drug Administration [51] and the European Food Safety Authority [52,53] have 

recently determined that nutritional levels of chromium supplementation are safe. 

Whether Cr is an essential element or not is currently under active debate see chapter 

three. Nielsen [57] proposed that Cr should be considered a “nutritionally or pharmacologically 

beneficial element” in that in supra-nutritional amounts may have positive effects when an 

animal is under a stress.  Part of the difficulty in being more precise about a role of Cr under 

stressors such as diabetes, is often determining cause and effect.  For example, recent studies 

have found a relationship between Cr status and cardiovascular disease [58,59].  Does the disease 

or stress result in a mechanism by which the distribution of Cr is altered or the loss of Cr from 

the body or are low Cr levels in part responsible for the symptoms of the disease?  These results 

clearly indicate that for diabetic rats Cr balance could be maintained and that Cr loss should not 

be responsible for the symptoms associated with these types of glucose intolerance or insulin 

resistance.  That Cr balance appears to be maintained could be suggested as evidence that Cr is 

essential and that losses are specifically compensated.  However, the increased urinary output of 

the diabetic rats depletes the body of several chemicals, not just Cr; the increased absorption of 

several chemicals, including other minerals, could result in the increase in Cr, such that the 

increase is actually not specific.  For example, the absorption, transport, and distribution of Cr 
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utilizes the iron transport protein transferrin [60].  Similarly, increases in plasma insulin 

concentrations result in increased movement of both iron and Cr from the bloodstream to the 

tissues via the protein transferrin.  Increased iron absorption could potentially readily result in an 

accompanying increase in Cr absorption.  Increased iron stores are associated with type 2 

diabetes [61], while subjects with type 2 diabetes also have increases in urinary iron output [62].   

Further study of the relationship between insulin-dependent iron and Cr absorption and transport 

are necessary before additional conclusions can be drawn. 

2.4. Conclusion 

Thus, the results described herein in addition to those of Feng and coworkers indicate that 

type 2 diabetic rats and type 1 diabetic rats have increased urinary Cr loss as a result of their 

diabetes; however, this increased urinary Cr loss is offset by increased absorption of Cr.  Insulin 

resistant, obese rats have alterations in the rates of Cr transport and distribution compared to lean 

rats but have similar urinary Cr loss and Cr absorption.  Thus, any increases in urinary Cr loss 

associated with insulin resistance or diabetes are offset by increased absorption.  Given that 

dietary chromium is normally absorbed with only ~1 % efficiency, suitable Cr exists in the diet 

so that a standard diet possess sufficient chromium to allow for the increases in absorption 

associated with diabetes.  Consequently, supplementing the diet with nutritionally relevant 

quantities of Cr is not anticipated to have any beneficial effects.  The increased loss of Cr in the 

urine associated with diabetes cannot be taken as evidence for the essentiality of Cr, especially as 

supra-nutritional doses of Cr are required for any beneficial effects to be observed.  These effects 

cannot be derived from the restoration of Cr sufficiency from a Cr deficient state but must come 

from a pharmacological mechanism. 
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Chapter 3 

Chromium is not an essential trace element for mammals: Effects of a “low-chromium” 

diet 

 

3.1 Introduction 

The most notable recent efforts with rats to generate a chromium-deficient diet and 

confirm the status of chromium as an essential element have been reported by Anderson and 

coworkers [1].  Rats in plastic cages (with no access to metal components) were given a diet 

consisting of 55% sucrose, 15% lard, 25% casein and vitamins and minerals and providing 

33+14 g Cr/kg diet [1].  The high sucrose diet was utilized to attempt to induce Cr deficiency; 

dietary carbohydrate stress leads to increased urinary chromium loss [2].  To compromise 

pancreas function, low copper concentrations (1 mg/kg) were employed the first six weeks; high 

dietary iron concentrations were used throughout to potentially aid in obtaining Cr deficiency.  A 

supplemented pool of rats was given water containing 5 ppm CrCl3; unfortunately, the volume of 

water consumed was not reported so that the Cr intake of the rats cannot be determined.  Over 24 

weeks, body masses were similar for both groups.  After 12 weeks, rats on the diet without 

supplemental Cr had lower fasting plasma insulin concentrations and similar fasting plasma 

glucose levels compared to supplemented rats; yet, both concentrations were similar after 24 

weeks.  In intravenous glucose tolerance tests after 24 weeks on the diet, plasma insulin levels 

tended to be higher in Cr-deficient rats; rates of excess glucose clearance were statistically 

equivalent.  The glucose area under the curve above basal was reported to be higher in Cr-

deficient rats; however, at every time point in the glucose tolerance test, the plasma glucose 
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concentrations of each pool of rats were statistically equivalent, suggesting that the difference in 

area arose from a mathematical error.  (The workers reported the results of identical experiments 

in a subsequent study utilizing a high-sucrose diet in which the plasma insulin levels were again 

observed to be elevated; however, the plasma glucose area was not) [3]. Thus, a high sucrose diet 

combined with other stresses (low Cu and high iron) can potentially lead to hyperinsulinemia, 

possibly reflecting defects in peripheral tissue sensitivity to glucose.  This research group also 

obtained similar results using a high fat diet that contained 33 mg Cr/kg diet [4].  This diet also 

contained altered copper content the first six weeks.  After 16 weeks on the diet alone, rats had 

higher fasting plasma insulin levels, but not fasting glucose levels, compared to rats also 

receiving drinking water containing 5 ppm chromium [4].    Similar results were obtained when 

the fasting insulin and glucose levels of the rats on the diet alone were compared to rats on a 

normal chow diet.  Insulin and glucose areas after a glucose challenge were equivalent.  Thus, 

the high fat diet with the additional stresses appears to induce increased fasting insulin levels, 

which can be corrected with chromium administration.   

Some calculations are needed in order to put this work into perspective.  As discussed in 

the introduction chapter, humans lack signs of Cr deficiency with a daily intake of 30 g Cr; 

assuming an average body mass of 65 kg, 30 g per day corresponds to 0.46 g Cr per kilogram 

body mass per day.  A 100 g rat eats about 15 g of food a day [5]; 15 g (0.015 kg) of food 

containing 33 g Cr/kg food provides approximately 0.50 g Cr.  Thus, 0.50 g Cr per day for a 

0.100 kg rat is 5.0 g Cr/kg body mass per day, ten times what a human intakes per kg body 

mass.  Thus, the “low-Cr” diets provided by Anderson and coworkers [1,3,4] cannot be said to be 

deficient or even low in Cr unless rats require more than ten times the chromium that humans do 

on a per kilogram body mass basis.  Even if the Cr intake for a rat compared to a human is 
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adjusted for metabolic rate (multiplying by ~5), the rats were still intaking a sufficient diet.   

Consequently, the effects of the diet cannot be attributed to Cr deficiency; the supranutritional 

doses of Cr in the Cr-supplemented rats can only be considered as having a pharmacological role 

on the rats whose physical condition was impaired by the high sucrose or high fat diets and/or 

the other mineral stresses. 

Consequently, in order to establish whether a diet low in chromium can have deleterious 

effects that can be prevented by chromium supplementation and provide evidence that chromium 

is essential for health, rats were maintained in metal-free cages and provided a purified diet with 

as low a chromium content as reasonably possible or diets supplemented with a variety of 

chromium concentration, and effects of the diet on food intake, body mass, and parameters 

associated with glucose metabolism and insulin sensitivity have been determined. 

3.2 Experimental 

3.2.1 Chemicals, assays, and instrumentation 

Glucose and insulin (bovine, zinc) were obtained from Sigma-Aldrich, Inc.  Final 

concentrations of glucose and insulin were prepared using doubly-deionized water.  Plasma 

insulin was measured using a 
125

I RIA kit from MP Biomedicals, Inc.  Gamma counting was 

performed using a Packard Cobra II auto-gamma counter.  Blood glucose levels were measured 

using a One-Touch glucose meter.   

3.2.2 Animals 

Thirty-two Male Zucker Lean rats were obtained from Charles River Breeding 

Laboratories International, Inc. at six weeks of age.  Rats were maintained at 22 ± 2 °C and 40-

60% humidity with a twelve hour photoperiod and acclimated for two weeks prior to treatment.  

They were housed individually in specially constructed metal-free housing (vide infra) to prevent 
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the introduction of additional chromium into their diets.  Rats were fed specific diets and distilled 

water ad libitum for a 23 week period prior to glucose and insulin challenges.  All procedures 

involving these animals were reviewed and approved by the University of Alabama’s 

Institutional Animal Care and Use Committee.  

3.2.3 Treatment 

Male Zucker Lean rats were separated into four treatment groups, each containing eight 

rats as follows: (1) rats on a purified AIN-93G Cr sufficient diet (Cr as KCr(SO4)2· 12H2O, the 

Cr source designated for the AIN-93G diet), (2) rats on the AIN93-G diet, with Cr not included 

in the mineral mix, (3) rats on the AIN-93G Cr sufficient diet with an additional 200 μg Cr/kg 

(Cr as KCr(SO4)2· 12H2O), (4) rats on the AIN-93G Cr sufficient diet with an additional 1000 μg 

Cr/kg (Cr as KCr(SO4)2· 12H2O).   AIN-93G purified rodent diets and modified AIN93-G diets 

were obtained from Dyets, Inc., Bethlehem, PA.  Diets were received in powder form. 

3.2.4 Housing 

Iris Buckle Up boxes were obtained from Target; the boxes were approximately 18 cm in 

height, 45 cm wide, and 28 cm in depth.  These boxes are made of clear plastic with a removable 

lid that attaches with latches on both 28 cm-sides of the boxes.  Holes (4 mm in diameter) were 

drilled with an electric hand drill in all five sides of the box and in the lid using a square grid 

pattern with approximately 5 cm between holes.  Holes (4 mm in diameter) were also drilled in 

the corners of the bottom of each box to facilitate urine drainage.  Shavings of plastic were 

removed from the holes, and any rough spots were smoothed using fine sandpaper.  An 

additional hole was drilled in the lid with an appropriate diameter to accommodate the tube of 

the water bottles, while another hole was drilled in the lip of the box to accommodate a hanging 

cage card holder.  Tube Tread No. 116 Wet Area Anti-fatigue mats were purchased from General 
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Mat Company.  The matting is made of vinyl with a tensile strength of 139 kg/cm and is flexible 

from -10 
o
C to 100 

o
C.  The matting was cut with a knife to fit inside the base of the boxes.  Both 

the boxes and the matting could pass through multiple cycles of a cage washing machine without 

noticeable damage.  As the boxes are similar in size to shoebox-type housing, they were kept on 

a standard rack for animal cages.  The cages were placed on absorbent bench paper or 

newspaper. The rear of the cage was elevated approximately 1 cm using scrap pieces of the 

matting material placed under rear of the cage to ensure draining of urine.  The cages were 

prepared by graduate students and undergraduates from the Vincent and Rasco groups. 

3.2.5 Food and water 

Wheaton clear straight-sided, wide-mouth glass jars (~9 cm in diameter, 9.5 cm in height, 

473 mL) and plastic lids (89 – 400 mm screw cap size) were obtained from Fisher Scientific and 

were used to hold food.  A 5 cm diameter circular opening was cut in the polyvinyl-lined plastic 

lids to allow the animals to access the food.  To prevent the rats from dumping the powdered 

food from the jars, a 2 cm-thick Plexiglas disk (~ 7 cm diameter) was placed on the food.  The 

disk had a 14 mm diameter circle cut out in the center with six other 14 mm diameter circles cut 

in a hexagonal pattern around the center circle; the disks were prepared by The University of 

Alabama College of Arts and Sciences machine shop. 

To provide water, the stainless steel tubes were removed from water bottles and replaced 

with glass tubes.  The University of Alabama glass shop’s glassblower Richard Smith took glass 

tubing of the appropriate diameter and cut and bent the tubing to match the length and shape of 

the stainless steel tubes.  To prevent potential injury, the end of the tubing exposed to the rats 

was fire polished. 
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3.2.6 Data collection 

Animals were weighed, and food consumption was measured twice weekly.  At 23 and 

25 weeks, respectively, rats were fasted between 10-12 hours then given an intravenous glucose 

(1.25 mg glucose/kg body mass) or insulin (5 insulin units/kg body mass) challenge.    Blood 

was collected before intravenous challenges and 30, 60, 90, and 120 minutes after the challenge 

injections. Blood was collected in EDTA-lined capillary tubes by a tail vein prick. Area under 

the curve was calculated using the trapezoid rule.  Sample collection was performed by Sharifa 

Love, Kristin R. Di Bona, and DeAna McAdory. 

3.2.7 Chromium concentration determinations 

Samples of each powdered diet (200 mg) were digested with a 30:1 mixture of ultra high 

purity concentrated HNO3 (99.99 % trace element free) and ultra high purity concentrated H2SO4 

(99.99 % trace element free).  The digestion was continued with controlled heating (sub-boiling) 

until heated to dryness. Then, the residue was diluted to 10 mL with doubly-deionized water 

(Milli-Q Millipore).  All glassware was acid washed.  Blank digestions were carried out in the 

same fashion.  Chromium concentrations were determined utilizing a Perkin Elmer Analyst 400 

atomic absorption spectrometer equipped with HGA-900 graphite furnace and an AS-800 

autosampler using a Cr hollow cathode lamp operating at 10 mA; a spectral bandwidth of 0.8 nm 

was selected to isolate the light at 353.7 nm.  Operating conditions (temperature (
o
C), ramp time 

(s), hold time (s)): drying 1 (100, 5, 20), drying 2 (140, 15, 15), ashing (1600, 10, 20), 

atomization (2500, 0, 5), and cleaning (2600, 1, 3).  Other instrumental parameters include 

curvette: pyrolytic, carrier gas: argon (flow 250 mL/min), sample volume: 20 L, and 

measurement mode: peak area.  The digestion and atomic absorption methods were verified by 
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analysis of a certified reference material, 1573a Tomato Leaves (NIST).  The chromium 

concentration for each diet was determined by Dr. Sarmistha Halder Sinha. 

3.2.8 Statistical analysis 

Statistical analyses were performed using SPSS (SPSS Inc., Chicago, IL).  Data are 

represented as average values with standard error bars.    Data were calculated independently, 

tested for homogeneity of variance with Levene’s test, and analyzed using univariate analysis of 

variance (ANOVA) and descriptive statistics.  Blood insulin and blood glucose tolerance tests 

were further analyzed for the area under each curve. Post hoc LSD analyses were used to 

indicate significant differences at a 95% confidence level (p ≤ 0.05).  The statistical analysis was 

performed on SPSS by Kristin Di Bona. 

3.3 Results and discussion 

3.3.1 Metal-free Caging 

Dietary studies examining the roles of trace metals in the diet require animals be in an 

environment free from access to extraneous metal, including all cage components and bedding.  

Stainless steel, used in almost all small animal housing, in addition to being comprised of iron 

has significant quantities of other metals, most notably chromium.  Bedding, made of natural 

materials, contains a variety of metal ions and is unsuitable for use in many such studies.  The 

removal of metal housing components and bedding can be challenging as replacement 

components must be stable under the experimental conditions (including those used to wash the 

housing) and not be hazardous to the animals or susceptible to be damaged by the animals (for 

example, by gnawing). Metal-free caging has been described previously [6,7]; however, at the 

times these were described, the assortment of commercial plastic products was limited in 
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comparison to the variety of products currently available.  Consequently, developing suitable, 

metal-free housing that should require less labor and construction should be possible.   

Conventional shoebox-type caging utilizes a plastic container for the base and walls of 

the housing with a stainless steel metal mesh lid.  The lid allows for plenty of circulation of air in 

the cage; the metal mesh is the only surface the rats can chew.  Replacement of the metal 

housing component must be accomplished so that adequate ventilation is maintained and no 

plastic material is available for the rats to chew.  Thus, for example, a simple plastic mesh lid 

would not suffice.  As an alternative, the use of plastic storage boxes was examined.  The boxes 

utilized were Iris Buckle Up boxes with a volume of approximately 22 L (Figure 3.1).  The 

similar size to shoebox-type housing allows these cages to be placed on regular racks for 

shoebox-type housing.  Latches on two sides of the lid allowed the box to be securely closed so 

that animals could not escape.  The only required modification of the boxes required was the 

drilling of numerous small holes that could be performed with a standard electric hand drill; this 

greatly simplifies construction compared to previous reported metal-free housing.  The pattern of 

4-mm holes drilled on all sides of the box and the lid provided ventilation, while the holes on the 

floor allowed urine to flow out of the box onto absorbent paper.  This pattern of holes with the 5-

cm spacing does not compromise the integrity of the sides of the boxes, so that the boxes are 

sturdy and do not break easily. 
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Figure 3.1 The metal-free housing unit with the anti-fatigue matting inside the cage.  
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One additional hole was required to accommodate the tube from the water bottle.  As The 

University of Alabama Animal Care Facility normally utilizes water bottles with stainless steel 

tubes for rodents, replacement of the tubes was readily accomplished by using glass tubing of the 

same diameter cut to the same length and bent to the same shape as the original steel tube.  The 

end of the glass tubing utilized by the rats was fire-polished.   

To prevent rats from walking in fluids draining from the bottom of the cage, a piece of 

vinyl anti-fatigue matting was placed in the bottom each cage.  The matting comes in rolls from 

which the desired size pieces can readily be cut.  The rats had surprisingly little desire to chew 

on the matting.  A rat placed in the box without the matting would rapidly climb on top of its 

food container to avoid the liquid on the bottom of the cage; the addition of the mat immediately 

eliminated this problem.  The back of the cage bottom was elevated by ~1 cm to facilitate 

drainage of liquid from the box.   

The metal-free housing required cleaning every two days as hair and dander accumulated 

in the absence of bedding.  The cages could be readily cleaned using a standard mechanical cage 

washing system.  The high temperature and pressure water had no observable effects on the 

plastic boxes or mats, even after 6 months of use.  In some areas of the animal care facility 

rooms where the metal-free cages were kept, moisture accumulated near the top of the housing 

initially, indicating that sufficient circulation of air was not present in all parts of the room to 

allow the metal-free cages to vent moisture from the rats.  This was readily fixed by placing a 

household circulating fan in each room.  The cages only have sufficient ventilation to house one 

rat per cage.  Measurement of the temperature in the cages indicated that the temperature in a 

shoebox type cage with bedding stayed one to two degrees warmer than the temperature in the 

metal-free housing. 
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The metal-free housing, as an accidental consequence of their design, is readily capable 

of acting as a metabolic cage.  If the housing is placed over another container, urine can readily 

be collected.  Feces fall between the treads of the duckboard design of the anti-fatigue mat 

pieces.  After the rat and mat is removed, the feces can readily be collected from the storage box. 

The empty storage boxes and lids are designed to stack conveniently, so that little space is 

required to store the boxes when not in use.  

Zucker Lean rats with the same birth date and shipping date were maintained in either 

regular shoebox type housing with conventional bedding or in metal free housing.  The rats kept 

in the shoebox type housing were obtained for a different study but provided data useful for this 

comparison.  Over the course of three months, both groups had identical body masses (data not 

shown) and were identical in appearance.  No differences were observed in the rate or type of 

health issues between rats in conventional shoebox housing and the metal-free housing; no 

behavioral differences were noted as well.   

3.3.2 Diet Results 

The AIN-93 diet is a purified diet for experimental rodents reported by the American 

Institute of Nutrition [8].  It comes in two forms; the AIN-93G diet, designed for early phase 

growth and reproduction, and the AIN-93M diet, designed for animal maintenance [9].  

Consequently the AIN-93G standard purified diet was chosen for use with the young rats utilized 

in this study.  When chromium is omitted from the mineral mix, the diet is low in chromium 

compared to standard chow diets; analysis of the diet revealed only 16 g Cr/kg diet; this is as 

low a chromium content as can reasonably be provided to rodents.  Although this diet contains 

about half the Cr concentration of that in the purified diets used by Anderson and coworkers 

[1,3,4], this concentration is actually within error equivalent to that of the other purified diets.  
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Note (as described above) that despite the low concentration of chromium that this diet should 

therefore be considered chromium sufficient based on comparisons with the human AI. 

Consequently if no adverse effects from this diet are observed in the rats, then producing a diet 

that is “deficient” in Cr but sufficient is other dietary requirements is probably not possible, 

indicating that no nutritional methodology could possibly demonstrate that Cr is an essential 

trace element for mammals. The diets that were supplemented with Cr were also analyzed for 

their Cr content by graphite furnace atomic absorption spectrometry: AIN-93G, 1135 g Cr/kg; 

AIN-93G + 200 g Cr/kg, 1331 g Cr/kg; AIN-93G + 1000 g Cr/kg, 2080g Cr/kg.  All 

values were close to anticipated values. 

As shown in Figure 3.2, the Cr content of the diets had no effect on the body mass of the 

rats throughout the course of the study.  On only three days during the course of the study were 

the body masses of any of the groups of rats statistically different from the others.  This is not 

unexpected as chromium supplementation has been shown numerous times to not influence body 

mass [10,11].  The Cr content also had no effect on food intake (data not shown).  Similarly, the 

rats of the different diets were identical in appearance.  No differences were observed in the rate 

or type of health issues between rats on the various diets. 

Cr deficiency has been reported to lead to alterations in glucose metabolism and insulin 

insensitivity (for reviews see Ref.’s 12 and 13).  More specifically, mammals with Cr deficiency 

reportedly respond less efficiently to insulin and glucose challenges in terms of maintaining and 

restoring normal blood plasma glucose and insulin levels.  Thus, after 23 and 25 weeks, 

respectively, the rats were fasted for 10-12 hours and given an intravenous glucose (1.25 mg 

glucose/kg body mass) or insulin challenge (5 units insulin (bovine, zinc) per kg body mass). 
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Figure 3.2 Body mass of Zucker lean rats on the AIN93-G diets. Different letters indicate 

significant differences between groups. No Cr - rats on the AIN93-G diet with Cr not 

included in the mineral mix; Cr Sufficient - rats on a purified AIN-93G Cr sufficient diet; + 

200 µg/kg Cr - rats on the AIN-93G Cr sufficient diet with an additional 200 μg Cr/kg; 

+1000 µg/kg Cr - rats on the AIN-93G Cr sufficient diet with an additional 1000 μg Cr/kg. 
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Blood samples were collected immediately before the challenges and 30, 60, 90, and 120 

minutes after the challenges.  In the glucose challenge, as shown in Figure 3.3, the plasma 

glucose levels of the rats of the various diets were equivalent at all the time points except 60 min 

after the challenge; at this time, the plasma glucose levels of the rats on the AIN-93G diet 

without Cr and the AIN-93G diets supplemented with 200 or 1000 g Cr/kg were statistically 

equivalent.  The glucose concentration for the rats on the AIN-93G diet were statistically higher 

than the rats on the diet without added Cr and the AIN-93G diet supplemented with 1000 g 

Cr/kg.  Thus, only the rats on the sufficient AIN-93G appeared to have elevated glucose levels.  

This is also reflected in the areas under curves (AUC) for the glucose tolerance tests (Figure 3.4).  

The AUC for the rats on the diet without added Cr is statistically equivalent to the AUC’s for all 

the diets with added Cr.  As the glucose concentrations are statistically equivalent for the rats on 

the diet without added Cr and the diets supplemented with 200 and 1000 g Cr/kg at all time 

points after the challenge, the rates of glucose clearance for these rats are by necessity 

statistically equivalent. The glucose clearance (KG) [1,14] was calculated for rats on each diet; 

KG is equal the slope of the best fit line of a plot of ln(% of baseline glucose) vs. time x 100 % 

where % of baseline glucose = (glucose concentration at a given time/glucose concentration at 

time zero) x 100 %.  (This procedure avoids the use of excess glucose following Woolliscroft 

and Barbosa [15]). KG was 1.07 %/min for the rats without Cr in the mineral mix of their diet, 

0.600 % for the rats on the AIN-93G diet with Cr in the mineral mix, 0.473 % for the rats on the 

AIN-93G with 200 g Cr/kg added, and 0.696% for the rats on the AIN-93G with 1000 g Cr/kg 

added.  
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Figure 3.3 Plasma glucose levels in glucose tolerance tests for Zucker lean rats on the 

AIN93-G diets.  Different letters indicate significant differences between groups.  No Cr - 

rats on the AIN93-G diet with Cr not included in the mineral mix; Cr Sufficient - rats on a 

purified AIN-93G Cr sufficient diet; + 200 µg/kg Cr - rats on the AIN-93G Cr sufficient 

diet with an additional 200 μg Cr/kg; +1000 µg/kg Cr - rats on the AIN-93G Cr sufficient 

diet with an additional 1000 μg Cr/kg. 
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Figure 3.4 Area under the curve (AUC) for plasma glucose concentrations in glucose 

tolerance tests for Zucker lean rats on the AIN93-G diets. Different letters indicate 

significant differences between groups.  No Cr - rats on the AIN93-G diet with Cr not 

included in the mineral mix; Cr Sufficient - rats on a purified AIN-93G Cr sufficient diet;  

+ 200 μg Cr/k Cr sufficient the AIN-93G Cr sufficient diet with an additional 200 μg Cr/kg; 

+1000 µg/kg Cr - rats on the AIN-93G Cr sufficient diet +1000 µg/kg Cr. 
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As the KG for the rats on the standard AIN-93G diet is within the range of the other three KG 

values, all the KG values are statistically equivalent.  Thus, the glucose tolerance tests indicate 

that rats on the diet without added Cr could handle increases in blood glucose concentration 

equally efficiently as rats on Cr sufficient or Cr supplemented diets, providing no evidence that 

Cr is an essential dietary component. 

In insulin tolerance tests, the plasma glucose concentrations of the rats on all the various 

diets are statistically equivalent; however, prior to the insulin challenge, the rats on the AIN-93G 

diet supplemented with 200 g Cr/kg have statistically lower plasma glucose concentrations than 

the rats on the diet without added Cr (Figure 3.5).  All glucose levels of the diets on the other 

diets were all statistically equivalent prior to the challenge.  It should be noted that this 

difference was not observed prior to the glucose challenge.  Not surprisingly, this results in the 

AUC’s in the insulin tolerance tests for the rats on all the various diets being statistically 

equivalent (Figure 3.6).  Thus, the rats on the diet without added Cr could manage their blood 

glucose after an insulin challenge equally well as rats on Cr sufficient or Cr supplemented diets, 

providing no evidence that Cr is an essential dietary component. 

The effects of the glucose challenge on plasma insulin levels were also examined (Figure 

3.7).  Prior to the glucose challenge, a distinct trend is observed in the blood plasma insulin 

levels as the insulin concentrations drops as the amount of chromium in the diet increases.  The 

difference is only statistically significant between the rats on the diet without added Cr and the 

rats on the diet with the most added Cr (AIN-93G + 1000 g Cr/kg).  As a consequence, 30 

minutes after the challenge, the blood plasma insulin concentration of the rats on the diet without 

added Cr is statistically greater than all the other diets or the diet with the most added Cr.   
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Figure 3.5 Plasma glucose levels in insulin tolerance tests for Zucker lean rats on the 

AIN93-G diets.  Different letters indicate significant differences between groups.  No Cr - 

rats on the AIN93-G diet with Cr not included in the mineral mix; Cr Sufficient - rats on a 

purified AIN-93G Cr sufficient diet; + 200 µg/kg Cr - rats on the AIN-93G Cr sufficient 

diet with an additional 200 μg Cr/kg; +1000 µg/kg Cr - rats on the AIN-93G Cr sufficient 

diet with an additional 1000 μg Cr/kg. 
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Figure 3.6 Area under the curve (AUC) for plasma glucose concentrations in insulin 

tolerance tests for Zucker lean rats on the AIN93-G diets. No significant differences 

between groups were observed.  No Cr - rats on the AIN93-G diet with Cr not included in 

the mineral mix; Cr Sufficient - rats on a purified AIN-93G Cr sufficient diet; + 200 µg/kg 

Cr - rats on the AIN-93G Cr sufficient diet with an additional 200 μg Cr/kg; +1000 µg/kg 

Cr - rats on the AIN-93G Cr sufficient diet with an additional 1000 μg Cr/kg. 
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Figure 3.7 Plasma insulin levels in glucose tolerance tests for Zucker lean rats on the 

AIN93-G diets.  Different letters indicate significant differences between groups.  No Cr - 

rats on the AIN93-G diet with Cr not included in the mineral mix; Cr Sufficient - rats on a 

purified AIN-93G Cr sufficient diet; + 200 µg/kg Cr - rats on the AIN-93G Cr sufficient 

diet with an additional 200 μg Cr/kg; +1000 µg/kg Cr - rats on the AIN-93G Cr sufficient 

diet with an additional 1000 μg Cr/kg. 
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(No increase in plasma insulin concentration in response to the glucose challenge is observed in 

Figure 3.7 as the levels of insulin return to baseline in approximately thirty minutes, the time of 

the first data point after glucose administration).  Sixty minutes after the challenge, the plasma 

insulin concentration of the rats on the diet without added Cr was greater than that of the rats on 

the diet with the greatest quantity of added Cr.  In other words, increasing the dietary Cr intake 

of the rats by approximately 100-fold appears to result in a lowering of fasting plasma insulin 

levels.  Thus, high doses of Cr appear to have a pharmacological effect on rats.  The effects are 

best observed in the AUC’s for the insulin concentration in the glucose challenge (Figure 3.8).  

The AUC’s for the rats on the diet without added Cr and on the AIN-93G with Cr are statistically 

equivalent, indicating no effect from the inclusion of Cr in the diet’s mineral mix.  However, 

supplementing the AIN-93G with 200 or 1000 g Cr/kg results in statistically lower AUC’s, 

while the rats receiving the AIN-93G diet with 1000 g Cr/kg had areas statistically lower than 

those of the rats on the AIN-93G diet with the Cr in the mineral mix.  Consequently, nutritionally 

relevant amounts of Cr in the diet seem to have no effect on plasma insulin levels in response to 

a glucose challenge; however, supra-nutritional levels of Cr lead to lower concentrations of 

insulin being required to restore normal glucose levels in a timely fashion.  Thus, supra-

nutritional levels of Cr appear to increase insulin sensitivity in the healthy Zucker lean rats.  This 

laboratory has previously observed that daily supplementation of high doses of Cr
3+

 for 24 weeks 

results in lower fasting plasma insulin concentrations and lower insulin concentrations after a 

glucose challenge [13].  Insulin levels after the insulin challenge were also measured.  The 

insulin levels were statistically equivalent at all time points for rats on all the various diets (data 

not shown). 
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Figure 3.8 Area under the curve (AUC) for plasma insulin concentrations in glucose 

tolerance tests for Zucker lean rats on the AIN93-G diets. Different letters indicate 

significant differences between groups.  No Cr - rats on the AIN93-G diet with Cr not 

included in the mineral mix; Cr Sufficient - rats on a purified AIN-93G Cr sufficient diet; + 

200 µg/kg Cr - rats on the AIN-93G Cr sufficient diet with an additional 200 μg Cr/kg; 

+1000 µg/kg Cr - rats on the AIN-93G Cr sufficient diet with an additional 1000 μg Cr/kg.  
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Four types of studies are generally cited as evidence that Cr is an essential element: 1) 

studies of rats provided “Cr-deficient” diets, 2) studies examining the absorption of Cr as a 

function of intake, 3) studies of patients on total parenteral nutrition (TPN), and 4) studies of the 

association between insulin response and Cr [12,13].  All are problematic as described in the 

introductory chapter.  For example, one study has reported that the absorption of Cr in humans is 

inversely proportional to intake [16].  However, a closer examination of the results indicates that 

the statistical analysis is limited; and the conclusion only holds true for female subjects, as no 

effects on absorption were observed as a function of Cr intake for the male subjects.  Cr is 

absorbed by passive diffusion in rats (reviewed in Ref. 17).  A limited number of patients on 

TPN and demonstrating a variety of symptoms similar to those of type 2 diabetes have had their 

symptoms improve after addition of Cr to the TPN solution (reviewed in Ref. 18 and 19); 

however, the doses of Cr utilized were pharmacological, not nutritionally relevant.  Studies on 

the relationship between chromium mobilization in the body and insulin action require studies to 

examine what is happening at a molecular level.   

Finally, studies with rats on “chromium-deficient diets” have been reported.  In 1955 

Mertz and Schwarz fed rats a Torula yeast-based diet that resulted in the rats apparently 

developing impaired glucose tolerance in response to an intravenous glucose load [20].  Mertz 

and Schwarz believed they had identified a new dietary requirement absent from the Torula 

yeast-based diet and responsible for the glucose intolerance, which they coined glucose tolerance 

factor or GTF [21].  In 1959 Mertz and coworkers proposed the active ingredient in glucose 

tolerance factor was Cr
3+

 after numerous inorganic compounds were given to rats, in which Cr 

reversed the glucose intolerance [22]. Yet, a closer analysis of these studies reveals a number of 

flaws such as failure to determine the Cr content of the diet, the use of metal components in 
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caging that could provide a source of Cr for gnawing rats, and the use of additional stresses other 

than limiting the Cr content of the diet.  Unfortunately, for example, the Cr content of the diet 

was not reported (although the experimental procedures at the time would not have likely 

produced the correct value).  Additionally, the rats were maintained in wire mesh cages, possibly 

with stainless steel components, allowing the rats to obtain chromium by chewing on these 

components.  Consequently, the actual Cr intake of the rats in these studies is impossible to 

gauge, putting into great question the suggestion that the rats were Cr deficient.  The use of the 

large amounts of the metal ions is also of concern.  Supra-nutritional doses of Cr
3+

 have 

pharmacological effects on rodent models of altered carbohydrate and lipid metabolism 

including type 2 diabetes (reviewed in Ref. 12).  Additionally, Woolliscroft and Barbosa have 

examined the effects of a normal and a Torula yeast diet in intravenous glucose tolerance tests in 

rats [15].  They reproduced the results of Mertz and Schwarz; yet, observation of a significant 

difference in glucose metabolism between the two groups of rats depended on the method used 

to present the data, i.e. using measured plasma glucose concentrations versus using “excess” 

plasma glucose concentrations.  The effect was only statistically significant when “excess” 

plasma glucose was used.  As calculating the “excess” plasma introduces error, use of actual 

measured plasma glucose is the accepted practice.  Thus, these studies do not provide evidence 

of chromium being an essential trace element.  Subsequent studies on healthy rodents in the 

1960s, 1970s, and 1980s suffer from similar methodological complications [12].  Studies from 

1990s involved the use of these other stresses, such as diets with high sugar or fat content, can 

lead to alterations in carbohydrate and lipid metabolism [1, 3, 4].  The effects of the addition of 

high concentrations of Cr to these diets could potentially be explained by pharmacological 

effects of Cr, rather than a nutrition effect.  The current study demonstrates that low Cr diets do 
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not lead to observable deleterious effects and do not provide evidence that Cr is an essential trace 

element.  In fact, no unequivocal data exists supporting an essential role for chromium.  Given 

that currently no data confirm that Cr is an essential element, Cr should simply no longer be 

considered an essential element.  

3.4 Conclusion 

 
These studies clearly reveal that a diet with as little chromium as reasonably possible had 

no effect on body composition or glucose metabolism or insulin sensitivity compared to a 

chromium “sufficient” diet.  The addition of supra-nutritional amounts of chromium to the diet 

had a pharmacological effect increasing insulin sensitivity.  These results clearly indicate that 

chromium can no longer be considered an essential element as nutritional studies fail to 

demonstrate a deleterious effect from low Cr content in the diet and no biochemical studies have 

conclusively shown an essential function for chromium bound to a biomolecule.  The mechanism 

of the pharmacological effects of Cr
3+

 is an area requiring continued research.  
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Chapter 4 

Determining Cr
3+

 Transport from Endosomes by Monocarboxylate Transporter in C2C12 

Muscle Cell 

 

4.1 Introduction 

  Chromium has been shown not to be an essential element for mammal, see chapters 2 

and 3, but it is known that Cr moves through the cell.  If Cr was essential, it would have a 

specific transport mechanism.  The chromium pathway in the body is not fully understood.  Cr
3+

 

is known to bind to transferrin, the Fe
3+

 binding protein in the bloodstream, and is taken into 

cells as the transferrin complex.  Transferrin is the major iron transport protein in mammals; it 

possesses a molar mass of ~80,000 Da and tightly binds two equivalents of Fe
3+

 at neutral and 

slightly basic pH’s [1].  The Fe
3+

 binds to the protein exceptionally tightly; the protein’s binding 

site evolved to bind ions with a large charge to size ratio.  Since Cr
3+

 has a similar charge and 

ionic radius to that of iron, it readily binds to transferrin as well, with apparent binding constants 

of K1=1.42 x 10
10 

M
-1

 and K2=2.06 x 10
5
 M

-1
 [2].  Cr

3+
 does not bind to transferrin as tightly as 

Fe
3+

; but when Cr is bound, Fe can only replace Cr3+ from one of the two binding sites [2].  In 

the proposed mechanism for insulin-dependent Cr
3+

 transfer from the blood to urine (see Figure 

1.2 in Chapter 1), Cr bound transferrin (Tf) is transported into cells by endocytosis.  Protons are 

pumped into the newly formed endosome, resulting in a drop of pH that causes Cr to be released 

from transferrin.  The released Cr
3+

 ion probably binds to a variety of chelating ligands.  Once 

iron released from the transferrin, Fe
3+

 is reduced to the ferrous state Fe
2+

 and is then pumped 

from the endosomes by divalent metal ion transporters.  The reduction of Cr
3+

 complexes with 

biological chelating ligands is unlikely to occur under physiological conditions.   
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When insulin and 
51

Cr labeled transferrin are injected simultaneously in rats, a several 

fold increase in chromodulin in urine results.  Metal transport by transferrin is insulin-dependent; 

thus, Cr from transferrin ultimately binds to chromodulin to be excreted in the urine.  Although 

chromodulin rapidly appears in the urine after insulin administraton, Cr homeostasis is rapidly 

restored, as the levels of apochromodulin in tissues are identical 30 and 120 min after insulin 

injections [3].  (Apochromodulin is the chromodulin oligopeptide before it binds chromium).  

The role of chromodulin is not fully understood; when Cr is injected into mice, the lack of 

increased apochromodulin production suggests that Cr detoxification is not its main function [3].  

Normally when soft (toxic and non-toxic) metals are located inside the cell and need to be 

removed, they are scavenged by metallothioneins, the peptide that detoxifies the cell of copper, 

zinc, lead, and other soft metals; increases in concentrations of those metals in the body results in 

the rapid production of metallothioneins [4].  Chromium, being a hard metal would not bind and 

be removed by metallothioneins; therefore, it must be transported via a different mechanism. 

 Membrane-bound metal ion transporters and other proteins associated with metal ion 

transport have been identified from diseased patients whose disease arose from mutations in the 

membrane transporter.  The HFE gene, for example, is mutated in genetic hemochromatosis; the 

transmembrane divalent metal ion transporter Nramp2 was identified as a result of studies with 

mk/mk mice and (b/b) Belgrade rats, which have inherited anemia [5, 6, 7].  No genetic diseases 

are known where symptoms arise from improper transport or handling of Cr in the body.  The 

only potential candidates for such conditions are subpopulations of adult-onset diabetes and 

insulin resistance-associated hemochromatosis patients [8, 9].  Both adult-onset diabetes and 

hemochromatosis affect Cr transport, but the latter could simply reflect the effects of higher Fe
3+

 

concentrations on the binding of Cr to transferrin. 
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 The trivalent ion Al
3+

 is bound to small anionic chelating ligands, including citrate, and 

transported by monocarboxylate transporter (MCT) [10, 11].  Cr
3+

 probably binds to similar 

anionic ligands for transport. Cr complexes with free carboxylates are known; the complex 

formed between EDTA (ethylenediaminetetraacetate) and Cr
3+

 is the violet [Cr(Hedta)(H2O)], 

where one of the carboxylate groups is protonated [12].  Similar to the Al
3+

 binding to citrate, the 

Cr
3+

-citrate complex possesses a free carboxylate in both solid state and in solution [13, 14].  

Once in the endosome free of transferrin, Cr
3+

 could potentially bind to a small anionic 

compound like citrate and be pumped out of the endosome by MCT in a similar fashion to Al
3+

. 

 Herein, the use of mouse C2C12 muscle cells was used to determine if Cr
3+

 is potentially 

transported by MCT and if inhibiting MCT has effects on Cr transport and subcellular 

distribution.  Cr transport and distribution will be determined using radiolabeled 
51

Cr-Tf added to 

the growth media; for controls, radiolabeled 
59

Fe2-Tf will be used.  The C2C12 cells will be 

incubated with the radiolabelled Tf’s for various time periods.  Cells will be homogenized, and 

the components will be separated by differential centrifugation. The amount of radiolabel in each 

subcellular compartment will be determined.  Adding known MCT inhibitors to the C2C12 cells 

should lead to the differences in Cr, but not Fe, distribution.  Observing similar effects from the 

inhibitors on the distribution of both metals would indicate that MCT’s are not important for Cr 

transport, while distinct changes in Cr transport not mirrored in parallel studies with Fe would 

suggest a significant role for MCT in Cr
3+

 transport.  If MCT transports Cr
3+

, Cr should 

accumulate in the endosome fraction when known MCT inhibitors are added.  The inhibitors to 

be used are α-cyano-4-hydroxy-cinnamic acid and lactic acid.  α-Cyano-4-hydroxy-cinnamic 

acid has been used has an effective inhibitor on MCT in rat adipocytes and other cells [15]. 
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4.2 Experimental 

4.2.1 Materials 

 
51

CrCl3 in 1.0 M HCl was obtained from MB Biomedicals, LLC, Santa Ana, CA, USA.  

59
FeCl3 in 1.0 M HCl was obtained from Perkin Elmer Life and Analytical Sciences, Billerica, 

MA, USA.  Human apo-transferrin was obtained from Calbiochem Corp, La Jolla, CA,  USA.  

Trypin/EDTA solution was obtained as a 1X solution from Lonza, Walkersville, MD, USA.  

C2C12, muscle myoblast cells (Mouse; Mus musculus item number CRL-1772) were obtained 

from the American Type Culture Collection (ATCC), Manassas, VA, USA.  Fetal bovine serum, 

FBS, and 1X solution of penicillin and streptomycin were obtained from HyClone, Logan, UT, 

USA.   p-Nitrophenylphosphate, cytochrome oxidase, glucose-6-phosphate, α-cyano-4-hydroxy-

cinnamic acid, lactic acid, HEPES, sucrose, and trypan blue as a 1X solution were obtained from 

Sigma/Aldrich, St. Louis, MO, USA.  Dulbecco's Modified Eagle Medium, DMEM, was 

obtained from HyClone, Logan, UT, USA and supplemented with 15 mM HEPES 

Sigma/Aldrich, St. Louis, MO, USA.   

4.2.2 Compound Preparation 

  
51

Cr-transferrin was prepared by combining human apo-transferrin and 
51

CrCl3, as a 

tracer in 2 mL of doubly-deionized water with cold CrCl3 to bring the total Cr concentration to 

the desired final concentration and slowly stirring the resulting solution overnight to allow Cr 

binding to reach equilibrium [16, 2, 17].  The 
51

Cr-transferrin was loaded onto a Sephadex G-15 

column to separate it from any unbound 
51

Cr
3+

.  The solution was concentrated using an Amicon 

8400 ultrafiltration unit (with YM-30 membrane (30,000 Da cut off)) at 4 °C.  The concentration 

of 
51

Cr-transferrin was determined by UV-Vis spectroscopy at 442 nm using the extinction 

coefficient ε= 520 (M
-1

cm
-1

) [18].  The unbound 
51

Cr
3+

 remaining on the G-15 column was 
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recovered by washing the column with 0.1 M citric acid pH 3.0; the pH of the 
51

Cr-citric acid 

solution was then raised to pH 6.0 with 0.5 M NaOH.  The concentrated 
51

Cr-transferrin solution 

was added to the 
51

Cr-citric acid solution along with 2 mg of fresh transferrin, and the resulting 

solution was stirred overnight.  The solution was concentrated using an Amicon 8400 

ultrafiltration unit (with an YM-30 membrane) at 4 °C.  The 
51

Cr-transferrin was loaded onto a 

Sephadex G-15 column to separate any unbound 
51

Cr
3+

.  The solution was concentrated down 

using an Amicon 8400 ultrafiltration unit (with an YM-30 membrane) at 4 °C.  The 

concentration was determined by UV-Vis spectroscopy at 442 nm.  
59

Fe-transferrin was prepared 

by the addition of human apo-transferrin and 
59

FeCl3 in 2 mL of doubly-deionized water; the 

resulting solution was slowly stirred overnight to allow Fe binding to reach equilibrium. The 

59
Fe2-transferrin was loaded onto a Sephadex G-15 column to separate any unbound 

59
Fe

3+
.  The 

solution was concentrated using an Amicon 8400 ultrafiltration unit (with an YM-30 membrane 

(30,000 Da cut off)) at 4 °C.  The concentration was determined by UV-Vis spectroscopy at 465 

nm using the extinction coefficient ε = 4140 (M
-1

cm
-1

) [18].  The unbound 
59

Fe
3+

 remaining on 

the G-15 column was recovered by washing the column with 0.1 M citric acid pH 3.0.  The pH 

of the 
59

Fe-citric acid solution was then raised to pH 6.0 with 0.5 M NaOH.  The concentrated 

59
Fe-transferrin solution was added to the 

59
Fe-citric acid solution along with 2 mg of fresh 

transferrin, and the resulting solution was stirred overnight.  The solution was concentrated using 

an Amicon 8400 ultrafiltration unit (with an YM-30 membrane) at 4 °C.   The 
59

Fe2-transferrin 

was loaded onto a Sephadex G-15 column to separate any unbound 
59

Fe
3+

.  The solution was 

concentrated using an Amicon 8400 ultrafiltration unit (with an YM-30 membrane) at 4 °C.  The 

concentration was determined by UV-Vis spectroscopy at 465 nm.  Solutions of 
51

Cr-transferrin 

and 
59

Fe2-transferrin were sterile filtered before addition to cell cultures. 
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4.2.3 Cell Culturing Procedure 

 C2C12 cells were grown in T-75 flasks using DMEM growth media supplemented with 

1% 1.5 M HEPES, 1% 100 mM glutamine and 10 % fetal bovine serum.  The flasks were placed 

in an incubator at 37 °C under 5% CO2 and humid environment for two to three days to allow for 

optimal growth.  The cells were harvested and split into aliquots as follows.  The used media in 

the flask was removed by aspiration.  The cells were washed with 3 mL of trypsin/EDTA 1X 

solution, and the solution was aspirated.  The cells were washed with 2 mL of trypsin/EDTA 1X 

solution, and the solution was aspirated.  Trypsin/EDTA 1X solution (2 mL) was added to the 

flask, and the flask was placed in an incubator for approximately five minutes.  At the end of five 

minutes, the cells were harvested by the addition of 3 mL of DMEM supplemented media to the 

flask and jetting the solution up and down several times releasing the cells from the bottom of 

the flask.  Cells were then counted using a hemacytometer to determine the cell concentration.  

Cells were placed into new T-75 flask at 4.0 x 10
5 
cells per flask with a total of 10 mL of 

supplemented media. Cell culturing procedures were carried out in a sterile environment in a 

laminar flow hood. 

4.2.4 Experimental Procedure – Cultured C2C12 Cells 

 Experiments with 
51

Cr-transferrin and 
59

Fe2-transferrin were performed as follows.  The 

cells were harvested (as described previously) and passed into new T-75 flasks at a concentration 

of 7 million cells per flask with 10 mL of supplemented media.  This concentration of cells 

allows the cells to become confluent after 24 hours in the incubator.  After the 24 hour period, 

the media was aspirated, and 2 mL of DMEM was added in the absence of FBS.   The sterile 

filtered 
51

Cr-transferrin and 
59

Fe2-transferrin were added to the media to give a final 
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concentration of 5 µM. Cells were monitored for the time period of 60 min without and with 

inhibitors; experiments for each time point were performed in triplicate.  The inhibitors for MCT 

α-cyano-4-hydroxy-cinnamic acid and lactic acid were added to the media.  The Ki for α-cyano-

4-hydroxy-cinnamic acid is 0.373 mM, and 5mM was the final concentration in the media [11].  

The Ki for lactic acid is 27 mM, and 50 mM was the final concentration in the media [11].  Ki is 

the binding affinity of an inhibitor. The media were aspirated at the end of each time period, and 

the cells were harvested in the standard method with trypsin/EDTA washing and adding 3 mL of 

DMEM.  After harvesting, the cells were centrifuged for 10 minutes at 1000 rpm (Danom/IEC 

CRU-5000 Centrifuge), and the media was decanted.  The cells were resuspended in 0.5 mL of 

0.25 M sucrose and homogenized by 21 times using a handheld tissue grinder.  The 

homogenized mixture was removed and placed into a centrifuge tube. The homogenizer was 

rinsed with 0.5 mL of 0.25 M sucrose, and the rinse solution added to the mixture in the 

centrifuge tube.  The subcellular components were obtained through differential centrifugation 

by established procedures [17, 19, 20].  The nuclear, mitochondrial, lysosomal, and microsomal 

fractions were recovered as pellets from centrifugation at 30 x g for four minutes, 3300 x g for 

ten minutes, 25,000 x g for ten minutes, and 100,000 x g for 35 minutes, respectively.  Each of 

the pellets was resuspended in 180 µL of 0.25 M sucrose solution and placed into gamma tubes 

for gamma counting. The supernatant containing the cytosol fraction was also added to gamma 

tubes for counting.  Each of the subcellular fractions was counted on a Packard Cobra II auto-

gamma counter to determine the amount of 
51

Cr or 
59

Fe in each of the subcellular fractions.  

Periodically enzyme markers were used to determine successful differential centrifugation: 

nucleus, alkaline phosphatase; mitochondria, cytochrome oxidase; lysosomes, acid phosphatase; 

and microsomes, glucose-6-phosphatase.  Phosphatase assays were performed using p-
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nitrophenylphosphate as substrate [21].  Cytochrome oxidase was assayed by the method of 

Cooperstein and Lararow [22].  The method of Zhang and Van Etten utilizing glucose-6-

phosphate as substrate was used to assay for glucose-6-phosphatase activity [23].  

4.2.5 Statistical Treatment 

 Doses are presented as mean ± standard deviation.  For preliminary statistical analysis, 

two means were taken to statistically different if the difference between the means was greater 

than the sum of their standard deviation. 

4.3 Results and Discussion 

 The C2C12 muscle cells were treated with a final concentration of 5 µM of 
51

Cr2-Tf and 

59
Fe2-Tf.  The normal Fe2-Tf concentration in blood circulation is 25 µM [24].  

59
Fe2-Tf was 

used as a control since the mechanism of Fe transport from the endosome is known.  Once 

released from transferrin, Fe
3+

 is reduced to the ferrous state, Fe
2+

, and is then pumped from the 

endosomes by divalent metal ion transporters.  Cr cannot be reduced to Cr
2+ 

under physiologic 

conditions; therefore, it should not be transported by a divalent metal ion transporter.  If MCT is 

responsible for Cr
3+

 transport, adding known MCT inhibitors should lead to the differences in Cr, 

but not Fe, distribution.  Distinct changes in Cr transport not mirrored in parallel studies with Fe 

would suggest a significant role for MCT in Cr
3+

 transport.  If MCT transports Cr
3+

, Cr should 

accumulate in the endosome fraction (microsomal) when known MCT inhibitors are added.  The 

inhibitors to be used are α-cyano-4-hydroxy-cinnamic acid and lactic acid.  α-Cyano-4-hydroxy-

cinnamic acid has been shown to have the ability to inhibit MCT in rat adipocytes and other cells 

[15].  The subcellular distribution of 
59

Fe from the exposure of C2C12 cells to 
59

Fe2-Tf for 60 

minutes in the absence and presence of inhibitors is shown in Figures 4.1-4.4 and Table 4.1.  The 

addition of 50 mM lactic acid changes the subcellular distribution of the radiolabeled Fe when 
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compared to the control 
59

FeTf; iron content is increased in the nucleus and decreased in the 

cytosol by the presence of lactic acid.  α-Cyano-4-hydroxy-cinnamic acid is not soluble in water 

or the cell growth media; therefore, it was dissolved in 600 µL of DMSO and then added to the 

media. 
59

FeTf with DMSO was used as a control for the MCT inhibitor α-cyano-4-hydroxy-

cinnamic acid.  α-Cyano-4-hydroxy-cinnamic acid had no effect on subcellular distribution of 

59
Fe when compared  to the DMSO control.  The results with α-cyano-4-hydroxy-cinnamic acid 

on Fe transport were expected as Fe is not transported by MCT.  
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Figure 4.1 Percent distribution of 
59

Fe in C2C12 muscle cells at 60 min with 5 mM 
59

Fe2Tf.  

Nuc, Mito, Lys, Micro, and Cyt represents nuclear, mitochondrial, lysosomal, microsomal, 

and cytosol fractions, respectively.  The * indicates statistical different when compared to 

the fractions in Figure 4.2.  
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Figure 4.2 Percent distribution of 

59
Fe in C2C12 muscle cells at 60 min with 5 mM 

59
Fe2Tf 

and 50 mM lactic acid (MCT inhibitor).  Nuc, Mito, Lys, Micro, and Cyt represent nuclear, 

mitochondrial, lysosomal, microsomal, and cytosol fractions,  

respectively.  The * indicates statistical different when compared to the fractions in Figure 

4.1. 
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Figure 4.3 Percent distribution of 

59
Fe in C2C12 muscle cells at 60 min with 5 mM 

59
Fe2Tf 

and DMSO.  Nuc, Mito, Lys, Micro, and Cyt, represents nuclear, mitochondrial, lysosomal, 

microsomal, and cytosol fractions respectively. 
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Figure 4.4 Percent distribution of 

59
Fe in C2C12 muscle cells at 60 min with 5 mM 

59
Fe2Tf 

and 5mM α-cyano-4-hydroxy-cinnamic acid (MCT inhibitor).  Nuc, Mito, Lys, Micro, and 

Cyt represent nuclear, mitochondrial, lysosomal, microsomal, and cytosol fractions, 

respectively. 
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Table 4.1. % Distribution of 
59

Fe in C2C12 cells after 60 min. CHCA = α-cyano-4-hydroxy-

cinnamic acid.  The * indicates statistically significant differences between fractions when 

experiment is compared to its control.  Nuc, Mito, Lys, Micro, and Cyt represent nuclear, 

mitochondrial, lysosomal, microsomal, and cytosol fractions, respectively. 

  

Experiment Nuc Mito Lys Micro Cyt 

Control 

 

3.76 ± 2.24* 17.69 ± 5.48 4.24 ± 0.10 5.52 ± 4.08 68.77 ± 5.06* 

Lactic acid 

 

22.87 ± 10.42* 18.98 ± 7.17 7.53 ± 3.36 11.02 ± 4.68 39.60 ± 4.42* 

DMSO 

 

15.59 ± 8.01 15.12 ± 0.92 9.98 ± 5.48 7.27 ± 4.89 54.17 ± 15.24 

CHCA 

 

10.41 ± 3.61 11.39 ± 3.17 3.02 ± 2.73 9.11 ± 8.86 66.07 ± 16.43 
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 C2C12 muscle cells were treated 5 mM 
51

Cr-Tf for 60 min.  The subcellular distribution 

of 
51

Cr for C2C12 cells exposed to 
51

Cr in the absence and presence of inhibitors is shown in 

Figures 4.5-4.8 and Table 4.2.  If Cr is transported by MCT and the inhibitor is present, then 
51

Cr 

would stay in the endosome until the endosome fuses back with the cell membranes.  Endosomes 

are located in the microsomal fraction; therefore, if Cr passage is inhibited, the quantity of 
51

Cr 

in the microsomal fraction would be expected to increase.  The addition of 50 mM lactic acid 

(Figure 4.6) had no effect on the subcellular distribution of the 
51

Cr when compared to the 

control, 
51

Cr-Tf.  For α-cyano-4-hydroxy-cinnamic acid (Figure 4.8) compared to the DMSO 

control (Figure 4.7), the amount of 
51

Cr in the nucleus and mitochondrial is decreased while the 

amount in the cytosol is increased.   Contrasts, expectation that the inhibitor α-cyano-4-hydroxy-

cinnamic acid would result in an increase in Cr
3+

 in the microsomal fraction.  Interpretation of 

the data is difficult given that only one time interval has been examined to date.   

The uptake of 
59

Fe by the cells is reduced by lactic acid (Figure 4.9).  The reduction of 

total iron entering the cells could be due to the chelating of Fe by lactic acid lowering the amount 

bound to transferrin and ultimately entering the cells.  At this time the change that occurs is not 

understood but could be related to the ability of lactate to chelate Fe
3+

.  The total amount of Cr 

intake by the cells is significantly lower than that of the Fe (Figure 4.9).  This can be explained 

by transferrin being primarily a Fe transport protein, even though it binds Cr tightly [2].  

Transferrin with bound Cr probably does not have the same exact shape as transferrin with 

bound Fe and will not bind to transferrin receptor with the same affinity, limiting the amount of 

Cr entering the cells compared to Fe.  When compared to the control, the amount of Cr entering 

the cells is decreased by the presence of α-cyano-4-hydroxy-cinnamic acid but not lactic acid.   

The decrease was significant, but not large enough to conclude that Cr transport by MCT was 



 

93 

 

inhibited by α-cyano-4-hydroxy-cinnamic acid.   Future work will need to be performed at other 

time intervals to make a definitive assessment of whether Cr is transported by MCT.    
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Figure 4.5 Percent distribution of 
51

Cr in C2C12 muscle cells at 60 min with 5 mM 
51

CrTf.  

Nuc, Mito, Lys, Micro, and Cyt represent nuclear, mitochondrial, lysosomal, microsomal, 

and cytosol fractions, respectively. 
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Figure 4.6 Percent distribution of 
51

Cr in C2C12 muscle cells at 60 min with 5 mM 
51

CrTf 

and 50 mM lactic acid (MCT inhibitor).  Nuc, Mito, Lys, Micro, and Cyt represent nuclear, 

mitochondrial, lysosomal, microsomal, and cytosol fractions, respectively.  
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Figure 4.7 Percent distribution of 
51

Cr in C2C12 muscle cells at 60 min with 5 mM 
51

CrTf 

and DMSO.  Nuc, Mito, Lys, Micro, and Cyt represent nuclear, mitochondrial, lysosomal, 

microsomal, and cytosol fractions, respectively.  The * indicates statistical different when 

compared to the fractions in Figure 4.8. 
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Figure 4.8 Percent distribution of 
51

Cr in C2C12 muscle cells at 60 min with 5 mM 
51

CrTf 

and 5mM α-cyano-4-hydroxy-cinnamic acid (MCT inhibitor).  Nuc, Mito, Lys, Micro, and 

Cyt represent nuclear, mitochondrial, lysosomal, microsomal, and cytosol fractions, 

respectively.  The * indicates statistical different when compared to the fractions in Figure 

4.7. 
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Table 4.2. % Distribution of 
51

Cr in C2C12 cells after 60 min. CHCA = α-cyano-4-hydroxy-

cinnamic acid. The * indicates statistically significant differences between fractions when 

experiment is compared to its control.  Nuc, Mito, Lys, Micro, and Cyt represent nuclear, 

mitochondrial, lysosomal, microsomal, and cytosol fractions, respectively. 

 

 Experiment Nuc Mito Lys Micro Cyt 

Control 4.40 ± 1.76 

 

15.96 ± 3.96 

 

13.15 ± 5.97 21.95 ± 2.50 44.87  ± 4.11 

Lactic acid  3.62 ± 1.76 

 

21.89 ± 4.60  13.25 ± 3.77 26.70 ± 6.51 34.41 ± 15.50 

DMSO 11.96 ± 1.72* 

 

31.01 ± 0.58* 13.16 ± 2.29 22.96 ± 0.97 20.90 ± 3.14* 

CHCA 7.17 ± 2.08* 

 

24.35 ± 1.24* 16.83 ± 3.44 21.91 ± 0.88 28.91 ± 0.99* 
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Figure 4.9. Total % of the dose taken up by C2C12 cells.   CHCA = α-cyano-4-hydroxy-

cinnamic acid, and LA = lactic acid.  The * and ** indicates statistically significant 

differences between an experiment and its control.    
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4.4 Conclusion 

 This study indicates that Fe incorporation and intercellular distribution in C2C12 cells 

exposed to 
59

Fe-Tf is affected by the addition of lactic acid to the growth media.  Lactic acid 

decreases the total amount of Fe in the cell, as well as, changing the subcellular distribution.  A 

possibility for this effect is that lactic acid is interfering in some stage of iron uptake and 

distribution by chelating Fe.    This study indicates Cr incorporation and intercellular distribution 

in C2C12 cells exposed to 
51

Cr-Tf for 60 min is affected by the MCT inhibitor α-cyano-4-

hydroxy-cinnamic acid; the amount of 
51

Cr in the nucleus and mitochondrial is decreased while 

the amount in the cytosol is increased.  The change in distribution of Cr with the inhibitor α-

cyano-4-hydroxy-cinnamic acid might be the effect of inhibiting MCT and Cr being moved from 

the endosome by another mechanism.  However, the addition of 50 mM lactic acid had no effect 

on the subcellular distribution of the 
51

Cr.  In the presence of α-cyano-4-hydroxy-cinnamic acid, 

the total Cr content of the cells is decreased.  The decrease was significant but not large enough 

to state definitively that Cr transport by MCT was inhibited by α-cyano-4-hydroxy-cinnamic 

acid.  The results suggest that Cr may not be transported by MCT from the endosome to other 

parts of the cell.  Experiments utilizing other time points will be required to definitively answer 

whether Cr is transported by MCT.  

Acknowledgements 

This work in this chapter was supported by National Research Initiative Grant 2009-35200-

05200 from the USDA Cooperative State, Research, Educational, and Extension Service to John 

B. Vincent and Jane F. Rasco.  



 

101 

 

 

 

 

REFERENCES 

 

1. J. B. Vincent, and J. M. Hatfield, Nutr. Rev. 2 (2004) 15N-23N. 

2. Y. Sun, J. Ramirez, S. A. Woski, J. B. Vincent,  J. Biol. Inorg. Chem. 5 (2000) 129-136. 

3. A. Yamamoto, O. Wada, T. Ono, J. Inorg. Biochem. 22 (1984) 91-102. 

4. J. H R. Kagi, A. Schaffer, Biochemistry 27 (1988) 8509-8515. 

5. M. D. Althius, N. E. Jordan, E. A. Ludington, J. T. Wittes, Am. J. Clin. Nutr. 76 (2002) 148-

155. 
 

6. W. J. H. Griffiths, A. L. Kelly, S. J. Smith, T. M Cox, Q. J. Med 93 (2000) 575-587. 

7. M. E. Conrad, J. N. Umbreit, E. G. Moore, L. N. Hainswoth, M. Porubcin, M. J. Simovich, 

M. T. Nakada, K. Dolan, M. D. Garrick, Am. J Physiol. Gastrointest. Liver Physiol. 279 

(2000) G767-G774. 

 

8. B. W. Morris, S. MacNeil, C. A. Hardisty, S. Heller, C. Burgin, T. A. Gray, J. Trace Elem. 

Med. Biol. 13 (1999) 57-61. 

 

9. T. III. Sargent, T. H. Lim, R. L. Jenson, Metabolism 28 (1979) 70-79  

10. R. A. Yokel, D. D. Allen, D. C. Ackley, J. Inorg. Biochem. 76 (1999) 127-132. 

11. V. N. Jackson, A. P. Halestrap, J. Biol. Chem. 271 (1996) 861-868. 

12. L. E. Gerdom, N. A. Baenziger, H. M. Goff, Inorg. Chem. 20 (1981) 1606-1609. 

13. M. Quiros, D. M. Goodgame, D. J. Williams, Polyhedron 11 (1992) 1343-1348. 

14. Y. Z. Hamada, B. L. Carlson, J. T. Shank, Synth. React. Inorg. Metal-org. Chem. 33 (2003) 

1425-1440. 

 

15. E. Hajduch, R. R. Heyes, P. W. Watt, H. S. Hundal, FEBS Lett. 479 (2000) 89-92. 

16. C. M. Davis, J. B. Vincent, Arch. Biochem. Bioph. 339 (1997) 335-343. 



 

102 

 

17. B. J. Clodfelder, J. Emamaullee, D. D. D. Hepburn, N. E. Chakov, H. S. Nettles, J. B. 

Vincent, J. Biol. Inorg. Chem. 6 (2001) 608-617. 

 

18. E. W. Ainscough, A. M. Brodie, J. E. Plowman, Inorg. Chim. Acta. 33 (1979) 149-153. 

19. C. de Duve, B. C. Pressman, R. Gianetto, R. Wattiaux, F. Applemans, Biochem. J. 60 (1955) 

604-617. 

 

20. G. L. Rowin, Methods Mol. Biol. 5 (1974) 89-109. 

21. C. M. Davis, K. H. Sumrall, J. B. Vincent, Biochemistry 35 (1996) 12963-12969. 

22. S. J. Cooperstein, A. Lazarow, J Biol. Chem. 209 (1951) 665-670. 

23. Z. Y. Zhang, R. L. Van Etten, J Biol. Chem. 266 (1991) 1516-1525. 

24. J. H. Brock, Transferrins, in: P. M. Harrison (Ed.), Metalloproteins, part 2, Verlag Chemie, 

Weinheim. (1995) pp. 183-261. 

 

25. B. Halliwell, J.M.C. Gutteridge, J. Biochem 219 (1984) 1-14. 

  



 

103 

 

 

 

 

Chapter 5 

Potential of Chromium Picolinate for Reproductive or Developmental Toxicity Following 

Exposure of Male CD-1 Mice Prior to Mating 

 

5.1 Introduction 

Chromium is generally thought to enhance glucose tolerance and carbohydrate and lipid 

metabolism in mammals when metabolism is compromised [1].  While a recent study indicates 

that chromium is not an essential trace element for mammals [2], it has nevertheless been 

accepted as essential for the last 30 years [3]; and as a result, chromium supplements have been 

one of the most popular mineral supplements for the last two decades. As dietary chromium is 

not readily absorbed (about 0.5-2%) [4], the coupling of chromium to a suitable ligand is 

necessary to increase its bioavailability.  Chromium picolinate [Cr(pic)3] has traditionally been 

one of the most popular forms of supplemental chromium. It has been added to dietary 

supplements, “weight loss” vitamins, and “health” shakes for years and is touted as an aid in 

promoting fat loss and lean muscle gain.  [Cr(pic)3] has also been suggested as a treatment for 

metabolic disorders, such as type 2 diabetes, as some studies suggest that it is able to increase 

insulin sensitivity and lower serum glucose.  However, the heterogeneity across these studies and 

their overall limitations restrict their ability to provide firm conclusions [5].   

 The safety of [Cr(pic)3] supplementation remains controversial.  Stearns and coworkers 

were the first to report deleterious effects of [Cr(pic)3] when they demonstrated that it was 

clastogenic [6] and later that it was mutagenic in Chinese hamster ovary cells [7].  Chromium 
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from [Cr(pic)3] accumulates in cells and has nuclear affinity, implying that supplemental levels 

over long periods of time might be harmful [8].  While [Cr(pic)3] was not found to be mutagenic 

in Salmonella  typhimurium, it was found to induce mutagenic responses in the L5178Y mouse 

lymphoma mutation assay [9].  Chromium picolinate has also been found to be capable of 

cleaving DNA under physiologically relevant conditions [10].  Recent studies have failed to 

demonstrate that commercially prepared [Cr(pic)3] was clastogenic or mutagenic [11,12].  

However, these apparently conflicting results have recently been reconciled, as the studies in 

which damage was not observed used dimethyl sulfoxide, a free radical trap which could quench 

reactive oxygen species, as a solvent for [Cr(pic)3] [13].   Our laboratory has published findings 

that mated female mice exposed to high levels of chromium picolinate resulted in progeny with 

an increased incidence of cervical arch defects [14].  However, although a similar trend was 

observed in more recent studies, the differences from control values for this parameter were not 

statistically significant [15,16]. 

Concerns about potential effects on fertility due to exposure of the male parent have also 

arisen.  Studies by Hepburn et al [17,18] indicated that exposure of male and female Drosophila 

melanogaster to [Cr(pic)3] resulted in effects to offspring including developmental delays, 

lethality during development, and significant levels of germ-line lethal and semilethal mutations.  

For example, placing male and female Drosophila on food containing [Cr(pic)3] at 

concentrations similar to human supplemented diets resulted in delays in the development of 

progeny, and the number of progeny successfully reaching the pupal stage was also diminished.  

The effect was dependent on the concentration of [Cr(pic)3] in the food.   A systematic analysis 

of germ-line mutagenicity from exposing male Drosophila to [Cr(pic)3] via the food revealed 
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that the compound enhanced the rate of appearance of lethal mutations and dominant female 

sterility [17].   

No mammalian studies have ever examined the effects of male exposure to [Cr(pic)3] on 

these parameters despite the fact that [Cr(pic)3] is marketed as a fat-burner and muscle-gainer  

(products typically attractive to males).  This raises the question of whether [Cr(pic)3] is 

significantly more deleterious as a developmental toxin when administered to male subjects or 

whether the mechanism of the deleterious activity in Drosophila is not manifested in mammals.   

Thus, the current study examined the effects on fertility and fecundity of premating exposure of 

males to Cr(pic)3.  

5.2 Experimental  

5.2.1 Breeding and exposure 

Male and female CD-1 mice, obtained from Charles River Breeding Laboratories, 

International (Wilmington, MA) were housed in an AAALAC-approved animal facility in rooms 

maintained at 22 ± 2°C, with 40-60% humidity and a 12-hr photoperiod.  Males were randomly 

assigned to one of two treatment groups:  (1) control, untreated rodent diet, or (2) [Cr(pic)3], 200 

mg/kg body mass/day (25 mg Cr/kg body mass/day).  After a two-week acclimation period, 

males were fed the appropriate test diet for four weeks prior to mating.  Animals were mated 

naturally, two females with one male, for one week.  Observation of a copulation plug in the 

vagina designated gestation day 0 (GD 0).  Mated females were individually housed in shoe-box 

type cages with hardwood bedding and given Harlan Teklad rodent chow and water ad libitum.  

 Chromium(III) picolinate, [Cr(pic)3], was synthesized according to the method of Press et 

al. [19], and authenticity was established by high resolution electron impact mass spectrometry 

[20].  LM-485 milled rodent diet was purchased from Harlan Teklad (Madison, WI).  [Cr(pic)3] 
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was added to milled rodent chow in sufficient quantities to achieve the appropriate concentration 

of the test compound.  All calculations were based on data from previous studies, which 

indicated that CD-1 mice consume an average of 7 g diet/day.  The dosage of [Cr(pic)3] was 

based on results from a previous study, in which treatment of dams during gestation with 25 mg 

Cr/kg/day as [Cr(pic)3] was associated with a significant increase in the incidence of cervical 

arch defects compared to control animals [14]. Extensive stability studies indicate that [Cr(pic)3] 

is extremely stable and that no degradation in the diet would be expected [20]. 

 Because the purpose of this study was to determine the effects of pharmaceutical levels of 

chromium, no special measures were taken to prevent exposure of the mice to small amounts of 

chromium that may be introduced into the diet through methods of feed preparation or from the 

cage hardware.  The diet purchased, Teklad LM-485 (7012), contained added chromium in the 

form of chromium potassium sulfate (0.48 mg/kg of diet).   

5.2.2 Data Collection 

On GD 17, mated females were euthanized by CO2 overdose, their uteri were exposed, 

and the numbers of resorptions and dead or alive fetuses were recorded.  Live fetuses were 

removed from the uterus, weighed individually, and examined for gross malformations.  

Maternal body weight, minus the gravid uterine weight, was then obtained.  Fetuses were 

initially fixed in 70% ethanol and then cleared and stained by the double-staining technique 

described by Webb and Byrd [21].  All fetuses were subsequently examined for skeletal 

abnormalities.   

5.2.3 Statistical Methods 

The litter was used as the experimental unit for statistical analysis.  This study was 

performed in multiple replicates.  The data from each study replicate were calculated 
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independently, tested for homogeneity of variance by means of the Levene statistic, using SPSS 

(SPSS, Inc., Chicago, IL), and then pooled and analyzed to give the results reported.  All tabular 

data are presented as the mean ± standard error (SEM).  Data were analyzed by one-way analysis 

of variance (ANOVA) followed by a least significant difference (LSD) post-hoc test to 

determine specific significant differences (P ≤ 0.05).  The statistical analysis was performed on 

SPSS by Kristin Di Bona. 

5.3 Results and Discussion 

The potential toxicity of [Cr(pic)3] has recently been an area of intense debate, but a 

consensus is currently being realized.  When given orally to mammals, the complex does not 

appear to be toxic nor appear to be a mutagen or carcinogen [1].  The mating indices for control 

and treated males were identical (100%, Table 5.1).  The fertility indices for males treated with 

[Cr(pic)3] was lower compared to control males (95.7 versus 100 %), but the difference was not 

statistically significant.  Exposure of the males to [Cr(pic)3] did not affect the average number of 

implantations in females (Table 5.1). An increase in the average number of total resorbed or dead 

fetuses was observed in the treated group as compared to controls; however, the increase was not 

statistically significant (Table 5.2). No significant effect of exposure was seen on gross or 

skeletal malformations (split cervical arch) or skeletal variations (rudimentary or supernumerary 

ribs).  Fetuses sired by exposed males weighed significantly more than fetuses of unexposed 

males (Table 5.2).  However, this difference is extremely small and is probably a statistical 

anomaly. 
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Table 5.1.  Fertility indices of untreated female CD-1 mice mated with males that had been 

exposed to [Cr(pic)3]. 

 

         Treatment and Dose 

 Control 

(0 mg/kg/d) 

[Cr(pic)3] 

(200 mg/kg/d) 

Number of males 10 10 

Number of females with 

evidence of mating* 

24 24 

Number of pregnant females 24 23 

Average number of 

implantations (No. ± SEM) 

 

13.2 ± 0.6 13.8 ± 0.5 

Male mating index (%) 100 100 

Male fertility index (%) 100 96 

 

*Observation of copulation plug used as evidence of mating 
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Table 5.2. Maternal weight gain and litter parameters of untreated female CD-1 mice 

mated with males that had been exposed to [Cr(pic)3]. 

 

       Treatment and Dose 

 Control 

(0 mg/kg/d) 

[Cr(pic)3] 

(200 mg/kg/d) 

Fetuses/litters examined 316/24 318/23 

Fetal mass (g ± SEM) 
0.95 ± 0.02 1.00 ± 0.02

a 

Total resorbed or dead fetuses  

(% ± SEM) 

 

3.52 ± 1.40 5.34 ± 1.64 

Litters with resorbed or dead 

fetuses (No./%) 

 

13.2 ± 0.6 13.8 ± 0.5 

Fetuses with anomalies
b,c 

(% ± SEM) 

18.4 ± 3.3 11.8 ± 2.8 

 

 

a
 Significantly differs from control value (P ≤ 0.05) 

b
Fetuses displaying any gross or skeletal malformation. 

c
Mean litter percentage.  
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An NIH study of the effects of up to 5 % of the diet (by mass) of rats and mice for up to 

two years found no harmful effects on female rats or mice and at most ambiguous data for one 

type of carcinogenicity in male rats (along with no changes in body mass in either sex of rats or 

mice) [22].  These studies can readily be reconciled [1].  Only 1 % of absorbed Cr from the 

supplement is found in the bloodstream as [Cr(pic)3], suggesting that little of the intact molecule 

is absorbed [23].  When ingested, the complex probably hydrolyzes near the stomach lining, 

releasing the Cr, which is subsequently absorbed.   The hydrolysis of the complex in the stomach 

is probably fortuitous, releasing the chromium before the intact complex can be absorbed to an 

appreciable level, in contrast to the cell studies where the very stable, neutral complex could be 

absorbed intact [1].  Recently, the European Food safety Authority determined that chromium 

picolinate added for nutritional purposes to foodstuffs for particular nutritional purposes and to 

foods intended for the general population “would not be of concern provided that the amount of 

total chromium does not exceed 250 g/day” [24]. 

In in vitro studies, [Cr(pic)3] has reproducibly been shown to interact with reductants and 

dioxygen to generate reactive species capable of causing oxidative damage, including DNA 

damage [1].  The picolinate ligands alter the redox properties of the Cr center such that it is more 

susceptible to undergoing redox chemistry in the body than hexaaquoCr
3+

.  In mammalian cell 

culture studies and studies in which the complex is given intravenously, [Cr(pic)3] is clearly 

toxic and mutagenic, unlike other commercial forms of Cr
3+

 [1].  (Recently studies funded by the 

company selling the supplement observed no effects in cell culture studies [11,12]; however, 

subsequent research has shown that DMSO (used as a solvent for the supplement and one that 

can serve as a radical trap) quenched the deleterious effects [13]).   
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  In contrast, studies with Drosophila melanogaster found that [Cr(pic)3] generated 

appreciable delays in the development of larvae and lower success rates in pupation and eclosion 

[17].  [Cr(pic)3] had detrimental effects on the longevity of male and female Drosophila at a 

nutritionally relevant dosage [18]. Thus, [Cr(pic)3] and picolinic acid have detrimental effects on 

essentially all stages of the life cycle of Drosophila.  At the same dosage, [Cr(pic)3] was found to 

generate approaching one mutation per chromosome per individual and 12% sterility.  The 

ability of [Cr(pic)3] to generate chromosomal aberrations in polytene chromosomes of the 

salivary glands of Drosophila larvae was also examined [18].    In the chromium picolinate-

treated group, 53 % of the identified chromosomal arms were positively identified as containing 

one or more aberrations, while no aberrations were observed for the identified chromosomal 

arms of the control group.  Thus, in contrast to mammals, [Cr(pic)3] is a developmental toxin and 

clastogen, suggesting that [Cr(pic)3] is absorbed intact by Drosophila. 

5.4 Conclusion 

 Cr(pic)3 had no effect on fertility of the males, as well as, no statistically relevant 

increase in resorbed or dead fetuses.  There were no statistically relevant differences in number 

of malformations between the control group and Cr(pic)3 group. The current work utilizing male 

mice, in combination with earlier studies by Bailey, et al. [14-16], indicates that in mammals, 

independent of whether [Cr(pic)3] is administered to breeding male or female mice, the 

compound is not a developmental toxin at any reasonable dose.  
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Chapter 6 

Mass spectrometric and spectroscopic studies of the nutritional supplement chromium(III) 

nicotinate 

 

6.1 Introduction 

In 1959 Mertz and coworkers believed that they identified a new dietary requirement that 

was absent from the Torula yeast-based diet they fed to rats and responsible for the glucose 

intolerance, which they coined glucose tolerance factor or GTF [1].  Brewer’s yeast could 

apparently reverse the intolerance and is a natural source of GTF.  Mertz and coworkers 

subsequently reported the details of the isolation of Brewer’s yeast GTF in 1977, twenty years 

after the initial report [2].  The isolation procedure included harsh procedures such as an 18 hour 

reflux in 5 M hydrochloric acid, which would hydrolyze any proteins or nucleic acids. Thus, the 

form of Cr recovered after the treatment might not resemble the form in the intact yeast.  The 

isolated “GTF” possessed a distinct feature at 262 nm in its ultraviolet spectrum, while mass 

spectral studies suggested the presence of a pyridine moiety [2].  This led the authors to identify 

nicotinic acid as a component of GTF; nicotinic acid was sublimed from the material and 

identified by extraction with organic solvents. (No data or experimental details were presented 

for the mass spectral, sublimation, or extraction studies.)  Amino acid analyses indicated the 

presence of glycine, glutamic acid, and cysteine as well as other amino acids, although the 

relative amounts were not reported.  The results were interpreted to indicate that “GTF” was a 

complex of Cr, nicotinate, glycine, cysteine, and glutamate.  In paper chromatography 
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experiments, the material generated several bands, only one of which was active in bioassays.   

(The bioassays measured the ability of a material to activate the metabolism of glucose by 

adipose tissue from rats on the Torula yeast diet in the presence of insulin.)  The chromium in 

the active band represented only 6% of the total chromium [2].  Characterization of bulk 

materials of which only a tiny minority is active makes deciphering the composition of the active 

component(s) impossible.  Amazingly, based on this work, GTF has been proposed to be a Cr
3+

-

glutathione-nicotinate complex as glutathione is a tripeptide of glutamate, glycine, and cysteine.  

Synthetic complexes made from the combination of Cr
3+

, nicotinate, and glutathione have been 

reported to have similar biological activity to Brewer’s yeast “GTF” and bind tightly to insulin 

[3].  A three-dimensional structure has also even been proposed for Brewer’s yeast “GTF” that 

has two trans N-bound nicotinic acid ligands and amino acids occupying the remaining four sites 

of an octahedral around the chromic center [4].  This proposal, which has been reiterated 

numerous times in reviews and textbooks as the structure of the biologically active form of 

chromium, “GTF”, clearly has absolutely no basis.  Finally, Cr
3+

 has been demonstrated 

repeatedly to be separable from agents in yeast responsible for in vitro stimulation of glucose 

metabolism in adipocytes [5-10]. 

The proposed identification of nicotinate (3-carboxypyridine) in the postulated GTF 

sparked an interest in the synthesis of chromic-nicotinate or –nicotinic acid ester complexes 

starting in 1981 (reviewed in Ref. 11).
  
However, the inability of the GTF to be characterized or 

its biological activity to be reproduced led to a rapid decline in studies after circa 1985.  In well-

characterized complexes, nicotinate coordinates in a variety of manners to Cr
3+

: bridging through 

the carboxylate (-O,O’), monodentate through a carboxylate oxygen, or monodentate through 

the pyridine nitrogen.  Legg and coworkers developed a clever method for determining whether 
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nicotinate (either as the anion or zwitterion) is bound through the oxygen(s) or nitrogen using 
2
H  

nuclear magnetic resonance (NMR) spectroscopy [12,13].  The 
2
H NMR signal of 2-d-nicotinate 

compounds is shifted to approximately –70 to –75 ppm if the ligand is bound through the 

nitrogen and to +6 to +10 ppm if bound through the oxygen.  Subsequently all the nicotinate 

proton or deuteron resonances of a number of chromium(III)-nicotinate complexes have been 

assigned by the Vincent laboratory [14].  (The assignment for Cr
3+

-nicotinate complexes 

described by Anderson and coworkers [15] are incorrect as no paramagnetically-broadened 

resonances were observed [14].) 

A number of studies have examined a material characterized as 

“Cr(nicotinate)2(OH)(H2O)3” (subsequently to be referred to as chromium nicotinate or 

chromium polynicotinate), which is the product of the reaction of two or three equivalents of 

nicotinic acid with chromic ions in aqueous solution at elevated temperatures (reviewed in Ref. 

11).  The complex has not yet been crystallized, and NMR studies suggest it is more complex 

than the proposed formula would indicate [14].  Because this chromium-nicotinate material 

might be absorbed slightly better than dietary chromium by mammals [16,17],
 
it has gained 

substantial use as a nutritional supplement, especially before the rise in the popularity of 

chromium picolinate.  Chromium nicotinate is marketed primarily by InterHealth Nutraceutical 

under the name ChromeMate. 

Cell culture studies reported in 1995 by Stearns and coworkers [18] demonstrated 

exposure of Chinese hamster ovary cells to chromium nicotinate at concentrations up to 1 mM 

(non-toxic doses) did not cause appreciable clastogenicity, in contrast to the most popular 

chromium nutritional supplement chromium picolinate.  Bagchi and coworkers found that 

chromium nicotinate and chromium picolinate lead to low levels of oxidative stress in cultured 
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macrophages, although generally less damage was observed with chromium nicotinate [19,20].  

InterHealth reported a series of toxicology studies on chromium nicotinate [21,22].  The 

compound did not induce mutagenic effects in bacterial reverse mutation tests in five strains of 

Salmonella typhimurium or in L5178Y mouse lymphoma cells.  Similarly, a variety of acute 

toxic effects were not observed in rats given the supplement for up to 52 weeks. 

Yet, despite its use as a nutritional supplement, the structure of chromium nicotinate has 

not been established, and controversy even surrounds its composition.  These mass spectrometric 

and other spectroscopic investigations were initiated to attempt to further elucidate the structure 

and composition of chromium nicotinate. 

6.2 Experimental 

6.2.1 Chromium nicotinate 

 All manipulations were performed under aerobic conditions, and all chemicals were used 

as received unless otherwise noted.  Chromium nicotinate (type 1) was prepared as described by 

Evans and Pouchnik [23].  CrCl3
.
6H2O (2.66 g, 0.0100 mol) was dissolved in 25 mL of 

deioinized water, followed by 2.46 g nicotinic acid (Hnic) (0.0200 mol).  The solution was 

heated at 60 
o
C until the green solution turned royal blue in color.  This blue solution was used in 

several experiments.  To obtain the bluish-gray solid chromium nicotinate, 25 mL of 3.0 M 

sodium hydroxide was slowly added, yielding a pH of 7.5; the solid generated by increasing the 

pH was isolated by filtration, washed thoroughly with water and diethyl ether, and dried under a 

stream of air.  Anal. Cal’d for “Cr(nic)(OH)2(H2O)3”, C6H12NCrO7: C, 24.49; H, 4.61; N, 5.34%.  

Found: C, 24.82; H, 4.73; N, 5.33%. 2-d-Nicotinic acid was prepared by the method of Muzerall 

and Westheimer [24] and was available from previous work [14].  
1
H NMR indicated that the 2-

position contained >50% deuterium.  Chromium nicotinic solutions and solid containing 2-d-
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nicotinate were prepared in identical fashions to above except with the replacement of the 

nicotinic acid with 0.0200 mol of 2-d-nicotinic acid.  CrCl3
.
6H2O (2.66 g, 0.0100 mol) was 

dissolved in 25 mL of deioinized water, followed by 2.48 g 2-d-nicotinic acid (H-2-d-nic) 

(0.0200 mol).  The solution was heated at 60 
o
C until the green solution turned royal-blue in 

color.  This blue solution was used in several experiments.   

 Chromium nicotinate (type 2) was synthesized following the patent procedure [25], 

although the scale was reduced by 10
3
.  The volumes of water were increased until the reagents 

dissolved as the reagents are not soluble at the concentrations indicated by the patent. Chromium 

nicotinic solutions and solid containing 2-d-nicotinate were prepared in identical fashions to 

above except with the replacement of the nicotinic acid with 2-d-nicotinic acid.   

 Chromium nicotinate (type 3) was prepared according to the method of Cooper et al. 

[25].  Chromium nicotinic solutions and solid containing 2-d-nicotinate were prepared in 

identical fashions to above except with the replacement of the nicotinic acid with 2-d-nicotinic 

acid.   

6.2.2 Mass spectrometry (MS) 

6.2.2.1 Fast Atom Bombardment (FAB) 

 FAB mass spectra were obtained using a VG/Waters Autospec mass spectrometer.  

Solids were suspended/dissolved in 3-nitrobenzyl alcohol (NBA) or NBA with 2% ethanol or in 

Magic bullet (2:1:1 thioglycerol:dithioerythretiol:dithiothreitol).  FAB bombardment was with 

cesium ions.  The FAB mass spectra were collected by Dr. Qiaoli Liang, mass spectrometry 

manager. 

6.2.2.2 Matrix Assisted Laser Desorption Ionization/Time of Flight (MALDI/TOF) 
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 MALDI mass spectra were obtained on a Bruker reflex-III MALDI/TOF mass 

spectrometer.  The MALDI matrices examined included 2,5-dihydroxybenzoic acid (DHB), 3-

hydroxypicolinic acid (HPA), trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB), and ditranol.  Laser irradiation was with the 337 nm line 

of a Laser Science (Franklin, MA, USA) nitrogen laser.  The MALDI mass spectra were 

collected by Dr. Qiaoli Liang, mass spectrometry manager. 

6.2.2.3 Electrospray Ionization/Quadrapole Ion Trap (ESI/QIT) 

 ESI mass spectra were obtained on a Bruker (Billeria, MA, USA) HCT Ultra high 

capacity ion trap mass spectrometer.  The samples were diluted with 1:1 methanol:water before 

analysis.  The ESI source uses a drying gas of nitrogen, which was heated to 300 
o
C.   Collison-

induced dissociation (CID) was performed in the ion trap using helium as the collision gas.  

Collision energies were in the low range from 0-100 eV.  

6.2.3 Other methods 

 UV/visible spectra were obtained using a Hewlett Packard 8453 spectrophotometer.  

Elemental analyses were performed by Galbraith Laboratories (Knoxville, TN, USA).  X-band 

EPR experiments were performed with a Bruker ELEXSYS E-580 spectrometer equipped with a 

MD5EN-W1 dielectric resonator. The EPR spectra were collected at 40 K using an Oxford 

instruments CF935 helium cryostat and electrically controlled Oxford helium transfer line. The 

solution EPR spectra were simulated by using the XSophe 1.1.4 computer simulation software 

(Bruker Biospin).    
1
H and 

2
H NMR spectra were obtained using a Bruker AM-360 spectrometer 

at circa 23
o
C.  Chemical shifts are on the  scale (shifts downfield are positive) using protio- or 

deuterio-component signals as references.  The EPR spectra in this chapter were collected by Dr. 
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Tatyana Konovalova, EPR manager. The NMR spectra in this chapter were collected by Dr. Ken 

Belmore, NMR manager. 

6.3 Results and discussion 

6.3.1 Synthesis and characterization 

 The nutritional supplement chromium nicotinate is surprisingly not well characterized.  It 

has been synthesized by a variety of means; all the syntheses involve the use of a chromium
3+

 

salt (chromic chloride or chromic nitrate), nicotinic acid, water, and sodium hydroxide, although 

the order of addition can vary.  The first reported preparation was by Cooper et al. [25]. Addition 

of a solution of sodium nicotinate (nicotinic acid and NaOH adjusted to pH 6) to a hot solution of 

chromic nitrate followed by refluxing the resulting mixture gave a blue solution with a final pH 

of 2.5. On cooling a blue precipitate formed; based on elemental analyses the complex was 

postulated to have the formula Cr(nic)2(H2O)3(OH) [25]. Based on infrared and electronic 

spectra, the nicotinate ligands were proposed to be bound to the chromium
3+

 center via the 

carboxylate oxygens [23]. Indeed the electronic spectra indicate that the Cr
3+

 center possesses 

octahedral coordination by oxygen-based ligands. 

 Evans and Pouchnik [23] observed that heating an aqueous solution of chromium 

chloride and nicotinic acid in a 1:1, 1:2 or 1:3 mole ratio to 60°C resulted in a royal blue 

solution. Addition of base to raise the pH to 7.5 gave precipitates, characterized by mass 

spectrometry and ultraviolet spectroscopy and proposed to be Cr(nic)(H2O)3(OH)2
.
H2O for the 

1:1 ratio and  Cr(nic)2(H2O)3(OH)·H2O for the 1:2 and 1:3 ratios (although these proposals go 

beyond the available evidence at the time (vide infra)) [23].   This laboratory has obtained 

elemental analyses of the solid produced by the method of Evans and Pouchnik using the 1:2 Cr 
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to nicotinic acid ratio; these data reveal the formula to Cr(nic)(OH)2(H2O)3, in contrast to the 

formula suggested by Evans and Pouchnik. 

 The patented procedure for the synthesis of chromium nicotinate involves the addition of 

chromic ions to a solution of sodium nicotinate so that a solid is formed directly [26].  (Before 

the formation of the precipitate, the solution turns a purple color [26]; the electronic spectrum of 

the filtrate after the removal of the solid is essentially identical to that of the precursor solution 

from the method of Pouchnik and Evans.)  Elemental analyses on the solid gave 12.9 %Cr, 43.21 

%C, 2.77 %H, 8.33 %N, and 3.31 %Cl [26].  The current laboratory finds these results 

correspond best to the formula [Cr(nic)2(OH)(H2O)1.5]
.
0.4[N2nic]Cl (C14.4 H14.4N2.4CrCl0.4O7.3: 

12.9 %Cr, 42.81 %C, 3.50 %H, 8.32 %N, and 3.51 %Cl).  The ultraviolet/visible spectrum of the 

solid is similar to that produced by the method of Cooper, et al. (maxima at 414 and 574 nm [26] 

vs. 420 and 575 nm, respectively); however, the solid produced by the patent method is distinctly 

purple, in contrast to the blue-gray color of that from the method of Evans and Pounchnik and of 

Cooper, et al.   

An additional synthetic procedure for the production of chromium nicotinate has been 

reported by Anderson and coworkers [15,16].  The preparation involved stirring a mixture 

comprised of 10 mmol of chromic chloride and 30 mmol of nicotinic in 80°C deionized water, 

followed by adjustment of the pH to 6.0 [16]; the result was reported to be a dark green non-

crystalline solid [15]. However, the current laboratory failed to reproduce these results. First, the 

synthesis as described in Ref. [16] reportedly results in the formation of a solution, not a solid as 

in Ref. [15]. The procedure as briefly outlined in Ref. [15] has one minor change noted from that 

of Ref. [19]: the pH is adjusted to pH 6.0 with NaOH rather than NH4OH. However as it is not 

indicated that NaOH gives rise to solid product (contra Ref. [16]) and as the product is described 
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as a solid in Ref. [15], the manner is unclear in which this green solid is obtained (i.e. freeze-

drying, precipitation by addition of a co-solvent, etc.). Second, attempts by the current laboratory 

to reproduce the synthesis have resulted in the preparation of blue solutions (with a pH after 

cooling of approximately 2), which precipitate a blue solid upon addition of either base [14]. No 

manner to produce a green solid in these simple reaction systems reported by Anderson and 

coworkers was identified.  The only difference between the syntheses of Anderson, et al. and 

Evans and Pouchnik is a change in temperature for 80 
o
C to 60 

o
C, which is extremely unlikely 

to affect the nature of the product.  Thus, the syntheses of Anderson, et al. will not be entertained 

further.   

Thus, in summary, the reaction of two or three equivalents of nicotinic acid or nicotinate 

with chromic ions at elevated temperatures yields purple to blue solutions from which blue to 

purple solids precipitate at pH's of 2 or greater (contra Refs. [15,16] but in accord with Refs. 

[14,23,25]).  The use of a nicotinate salt versus nicotinic acid and the order of addition (before or 

after heating) affects the nature of the product.  

Unfortunately, all these complexes (all described as chromium nicotinate) are essentially 

insoluble in water and other common solvents, except DMSO in which they decompose.  While 

infrared spectra of the solid of Cooper et al. are consistent with the nicotinate ligands being 

coordinated through the carboxylate oxygen atoms, the intractable nature of the solids has 

limited their characterization by other techniques.  The blue solution from which the solid 

precipitates has been characterized by 
1
H and 

2
H NMR [14]; the solid were produced by the 

methods of Anderson et al. (which is essentially that of Evans and Pouchnik).  These studies 

clearly indicated the nicotinate ligand coordinates through the oxygen ligands and is bound in a 

terminal fashion.  However, two types of coordination were detected, although this could arise 
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from two types of coordination within a single molecule or the presence of multiple species in 

solution.  (Acidification of the solution had no effect on the NMR spectrum, suggesting 

protonation of the coordinated nicotinate was not responsible for the different NMR signals).  

The solution and solid electronic spectrum of all the materials are very similar and are all also 

consistent with oxygen-based six-coordination [14,25]. 

6.3.2 Mass spectrometry   

6.3.2.1 Product from type 1 synthesis 

Only one report exists in the literature of attempts to characterize chromium nicotinate by 

mass spectrometry.  Evans and Pouchnik have reported FAB mass spectral data for their solid 

chromium nicotinate [23].  Using a matrix of NBA with 5% ethanol, they reported two signals 

with m/z of 52 and 369; the latter was suggested to correspond to the molar mass of 

[Cr(nic)2(H2O)4]
+
.   These results are difficult to explain and are in contrast to those obtained in 

this investigation.  As the solid chromium nicotinate does not dissolve in NBA, obtaining 

spectrum should be most unlikely.  In the current investigation, no FAB signals arising from the 

compound could be detected in either positive mode using NBA or NBA with 2% ethanol, 

although this laboratory has substantial experience collecting FAB spectra of chromium 

carboxylate complexes [27-29].  Explaining the presence of the feature at m/z of 52 is most 

difficult; contemplating a potential mechanism for the formation of naked Cr
1+

 ions in the 

experiment is difficult.  (The formation of such Cr ions is possible for chromium aqua 

carboxylate complexes in electron impact MS at ionization energies of 70 eV [33]). The absence 

of any features from the decomposition of the molecular ion, such as species generated by the 

loss of aqua ligands, is unexpected.   Other results from Ref. 23 are difficult to reconcile.  The 

authors reported that chromium nicotinate had a solubility of 12.4 M in water, based on the 
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absorbance of a solution of the compound at 262 nm from the nicotinate ligand.  Efforts in the 

current laboratory have not found any evidence that chromium nicotinate has detectable 

solubility in water; only free nicotinic acid from trace impurities of the acid or hydrolysis of the 

solid could be detected by UV/visible spectroscopy.  Efforts to obtain mass spectra of the solid 

chromium nicotinate using other techniques (MALDI and ESI) in both the positive and negative 

modes were also unsuccessful.  These data in conjunction with the formulas from elemental 

analysis data indicate that solid chromium nicotinate is a hydroxo-bridged polymer.  The 

oligomerization of aqua Cr
3+

 complexes to form hydroxo-bridged oligomers and polymers at 

neutral to basic pH’s is a well known phenomenon, whereas terminal Cr
3+

-OH complexes at 

extremely rare.  The polymer(s) does not readily form gas-phase ions under the gentle techniques 

used and are thus not detectable by mass spectrometry. 

 The blue and purple solutions from which chromium nicotinate precipitates have been 

examined in detail by ESI MS.  As noted above, the solution for the type 1 preparation has 

previously been investigated by 
1
H and 

2
H NMR [14]; these studies revealed the presence of two 

types of oxygen-coordinated nicotinate ligands.  The nicotinate ligands could be bound in a 

terminal or chelating fashion, but not bridging between multiple Cr
3+

 centers.  (The blue solution 

migrates as a single band in silica gel chromatography).  ESI MS provides a gentle method of 

transferring pre-existing ions from the solution to the gas phase and of generating gas phase ions.  

The positive mode ESI MS of the blue solution contains numerous signals (Table 6.1), 

suggesting that numerous cationic species are present in solution.  In addition to the species 

listed in Table 6.1, several very low intensity signals at higher m/z ratios are present; the 

existence of any of these particular features varies significantly from sample to sample, so that 

assigning any significance to them is difficult.  The most intense feature (other than free 
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protonated nicotinic acid cation) is [Cr
3+

(nic)2(H2O)]
+
 (m/z 313.9).  The largest molar mass 

feature arising from a single Cr center is [Cr
3+

(nic)2(H2O)2]
+
 (m/z 331.9).  Several other features 

are derived from [Cr
3+

(nic)2(H2O)2]
+
 by loss of water, protons, and/or nicotinate.   Notably, the 

core for most intense chromium-based species observed in ESI are [Cr
3+

(nic)2(H2O)x]
+
 where x= 

1 or 2.  Even if the nicotinate is bound in a chelating fashion, the species with a single water 

molecule can be at most five coordinate.  Given Cr
3+

’s strong preference for six-coordination, 

this suggests that water may have been lost from a precursor or that the unit is a fragment of a 

multinuclear species.  The loss of water is common in the ESI and FAB MS of Cr
3+

 aqua 

complexes [27,30]; also the replacement of some of the water molecules in the species by 

methanol solvent molecules is consistent with loss of water and subsequent replacement by the 

weaker methanol ligands.  Thus, most of these species probably arise from loss of water in the 

MS experiment.  Signals have also been assigned to species with a 1:1 Cr:nicotinate ratio, 

including [Cr(nic)(H2O)4]
+
 and [Cr(nic)(H2O)(OH)]

+
. 
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Table 6.1. ESI Mass Spectra of Chromium Nicotinate (type 1) Solution. nic = nicotinate; py 

= pyridine 

 

a) Positive Mode 

Species   m/z   Relative Intensity 

[H2nic]
+
   123.9   100 

?    148.8   17 

[Cr(nic)(OH)]
+
  190.7   4 

[Cr(nic)(H2O)(OH)]
+
  208.7   6 

{[Cr(nic)(OH)2]Na}
+
  230.7   4 

[Cr(nic)(H2O)4]
+
  245.8   7 

[Cr(nic)(Hnic)]
+
  296.9   16 

[Cr(nic)2(H2O)]
+
  313.9   32 

[Cr(nic)2(H2O)(MeOH)]
+
 327.9   12 

[Cr(nic)2(H2O)2]
+
  331.9   4 

[Cr(nic)2(H2O)(MeOH)]
+
 345.9   6 

[Cr2(nic)2(OH)(H2O)3]
+
 418.9   7 

[Cr2(nic)2(OH)(H2O)4]
+
 436.9   4 

[Cr2(nic)2(OH)(H2O)(MeOH)3]
+ 

? 479.4   4 

 

 

 

 

 



 

128 

 

b) Positive Mode Collision-induced Dissociation of m/z 313.9 

Species   m/z   Relative Intensity 

[H2nic]
+
   123.9   40 

[Cr(py)(H2O)(OH)]
+
  164.7   9 

[Cr(nic)(H2O)(OH)]
+
  208.7   7 

[Cr(py)2(OH)]
+
  243.8   4 

[Cr(nic)(py)(OH)]
+
  269.8   100 

[Cr(nic)(py)(H2O)2]
+
  287.8   10 

[Cr(nic)(Hnic)]  296.8   71 

[Cr(nic)2(H2O)]
+
  313.8   33 

[Cr(nic)2(H2O)2]
+
  331.9   44 

 

c) Negative Mode 

Species   m/z   Relative Intensity 

[nic]
-
    121.9   10 

?    260.7   11 

?    274.8   11 

[Cr(nic)2(H2O)(OH)2]
-
 347.9   100 

[Cr(nic)2(H2O)2(OH)2]
-
 365.9   23 

[Cr2(nic)2(OH)3(H2O)2]
- 
? 434.9   10 

[Cr2(nic)2(OH)3(H2O)3]
-
? 452.9   13 

?    555.9   6  

?    573.8   8 
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 Hence, a mixture a species with 1:1 and 1:2 Cr:nicotinate ratios appears to exist in solution.  The 

Cooper et al. synthesis when using a 1:1 Cr:nicotinate ratio has been reported to give a mixture 

of species with 1:1 and 1:2 ratios [25].  Two dinuclear species have been identified in the ESI 

spectrum, [Cr2(nic)2(OH)(H2O)3]
+
 and [Cr2(nic)2(OH)(H2O)4]

+
.  The formula suggests species 

with the [Cr2(-OH)(-O,O’-nic)2] core and terminal water ligands.  The [Cr2(-OH)(-O2CR)2] 

unit is known in Cr
3+

 coordination chemistry [31]. 

 The presence of species in solution containing both 1:1 and 1:2 chromium nicotinate 

ratios may explain the presence of the two types of nicotinate ligands observed in the NMR 

experiments using “chromium nicotinate” from the type 1 procedure (vide infra). 

 Positive mode collision-induced dissociation CID of the m/z 313.9 feature reveals several 

fragments (Table 1).  Most of these fragments are species found in the positive mode ESI 

spectrum of the blue solution.  However, the dissociation also results in the loss of CO2 from the 

coordinated nicotinic acid, generating pyridine ligands.  

 The negative mode ESI MS spectrum of the blue solution is dominated by a feature at m/z 

347.9, which is assigned to the anion [Cr(nic)2(H2O)(OH)2]
-
.   The next feature in intensity 

possesses an addition aqua ligand, [Cr(nic)2(H2O)2(OH)2]
-
.  The deprotonated nicotinate ligand 

can also be detected.  Multinuclear species are also found in the negative mode spectrum.  Thus, 

ESI MS studies suggest that several species exist in the blue solution from addition of nicotinic 

acids to Cr
3+

 salts. 
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Table 6.2. ESI Mass Spectra of Chromium 2-d-Nicotinate (type 1) Solution. (Entries with 2 

m/z correspond to two features of nearly equal intensity). 2-d-nic = 2-deuteronicotinic acid, 

2-py = 2-deuteropyridine. 

 

a) Positive Mode 

Species   m/z   Relative Intensity 

[H2-2-d-nic]
+
   125.0   100 

?    150.0   12 

[Cr(2-d-nic)(H2O)(OH)]
+
 208.9   6 

[Cr(2-d-nic)(MeOH)(OH)]
+
 223.0/224.0  9/9 

[Cr(2-d-nic)(MeOH)(OMe)]
+
 238.0   7 

?    279.0   11 

[Cr(2-d-nic)(H-2-d-nic)]
+
 299.0   15 

[Cr(2-d-nic)2(H2O)]
+
  315.5/316.0  12/13 

?    502.0   10  
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b) Positive Mode Collision-induced Dissociation of m/z 315.0  

Species   m/z   Relative Intensity 

[H2-2-d-nic]
+
   125.0   4     

[Cr(2-d-py)(H2O)(OH)]
+
 164.9   27 

[Cr(2-d-py)(H2O)2(OH)]
+
 182.9   6 

[Cr(2-d-py)2(OH)]
+
  245.0   8 

[Cr(2-d-nic)(2-d-py)(H2O)]
+
 271.0   100 

[Cr(2-d-nic)(H-2-d-nic)] 298.0/299.0  25/18 

[Cr(2-d-nic)2(H2O)]
+
  315.0/315.4  11/9 

[Cr(2-d-nic)2(H2O)2]
+
  332.9/333.0  4/4  

 

 

 

c) Negative Mode 

Species   m/z   Relative Intensity 

[2-d-nic]
-
   123.1   100 

?    137.9   20 

?    262.0   40    

?    276.0   38 

[Cr(2-d-nic)2(H2O)(OH)2]
-
 350.1   97 

[Cr(2-d-nic)2(MeOH)(OH)2]
-
 364.1   64 

?    559.0   19 

?    573.0   21 
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The assignments above have been tested by examining the ESI MS spectra of the blue solution of 

the 2-d-nicotinate derivative (Table 6.2).  The replacement of each nicotinate ligand with 2-d-

nicotinate should result in a shift of one m/z unit, although the situation is complicated by the 2-

d-nicotinate containing well less 100% deuterium in the 2-position.  As shown in Table 6.2, the 

results are consistent with the previous assignments. 

Dissolving the solid “chromium nicotinate” in a 1-2 M solution of a strong mineral acid 

(e.g., nitric or hydrochloric acid) generates a blue solution with an electronic spectrum 

essentially identical to that of the blue precursor solution [23,25].  The similar UV/visible spectra 

of the precursor solution, the solid, and the solution of redissolved solid suggest the chromium 

species in all is comprised of octahedrally coordinated chromium(III) bound to a nicotinate 

ligand(s) and varying amounts of water and hydroxide.  This acid-generated blue species has 

been proposed and generally assumed to be [Cr
3+

(nic)2(H2O)4]
+
 or [Cr

3+
(Hnic)2(H2O)4]

3+
  [25], 

(although this was for the type 3 material).  This solution has been examined by MS (Table 6.3).  

The solution was passed through a small silica gel column prior to examination by MS.  The 

single colored band from the column was collected for use; the pH of the fraction was 3-3.5, a 

significant reduction in hydrogen and chloride ion concentration.  The dominate feature from this 

fraction arises from [Cr(nicH)(H2O)4(MeOH)]
+
, with next most intense features being assigned 

to {Na[Cr
3+

(nic)2(H2O)4(MeOH)]}
+
 (m/z 301.0) and {Na[Cr

3+
(nic)2(H2O)4(MeOH)]2}

+
 (m/z 

579.1).  The lack of any signals from species containing 2 nicotinate ligands in the mass spectra 

under these conditions may indicate that only species with a single nicotinate ligand remain after 

acid treatment; however, under these extreme conditions for MS, this must be considered 

tentatively. 
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Table 6.3.  Positive Mode ESI Mass Spectra of Chromium Nicotinate (type 1) Solid 

Dissolved in 1.0 M HCl. 

 

Species m/z Relative Intensity 

[H2nic]
+
 123.9 24 

? 148.8 30 

? 204.8 38 

? 226.9 10 

[Cr(nic)(H2O)4(MeOH)]
+
 279.0 100 

{[Cr(nic)(H2O)4(MeOH)]Na}
+
 301.0 65 

{[Cr(nic)(H2O)4(MeOH)]2Na}
+
 579.1 61 
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6.3.2.2 Product from type 2 synthesis 

 FAB MS of the solid produced by the patent method in NBA (with 2% ethanol) or in MB 

(2:1:1 thioglycerol:dithioerythreitol:dithiothreitol) yielded a signal from protonated nicotinic acid 

at m/z 124, as would be expected from the presence of the chloride salt of protonoated nicotinic 

acid in the compound, but no signal from Cr(nic)- or Cr(nic)2-containing species.   

The filtrate remaining after isolation of the solid product gave only a weak ESI MS 

signals (Table 6.4).  The dominant signal came from protonated nicotinic acid at m/z 124; other 

weaker signals were not from Cr(nic)- or Cr(nic)2-containing species.  This simply results from 

the high yield of the solid, leaving only trace amounts of Cr-containing species in solution.  The 

spectrum (Table 6.5) from the solid after being dissolved in 1 M HCl and passed over a silica gel 

column was very similar to that from the type 1 material.  The data suggest that the same species 

exist in solution for the type 1 and type 2 synthetic materials after dissolution in acid. 
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Table 6.4. ESI Mass Spectra of Chromium Nicotinate (type 2) Solution. nic = nicotinate; py 

= pyridine. 

 

a) Positive Mode 

Species   m/z   Relative Intensity 

[H2nic]
+
   123.9   100 

?    148.8   6 

[Cr(nic)(H2O)(OH)]
+
  208.7   5 

[Cr(nic)(MeOH)(OH)]
+
 222.7   4 

[Cr(nic)(MeOH)(OMe)]
+
 236.8   3 

[Cr(nic)(H2O)4]
+
  245.8   4 

[Cr(nic)(Hnic)]
+
  296.9   4 

[Cr(nic)2(H2O)]
+
  313.9   14 

[Cr(nic)2(H2O)2]
+
  331.9   2 

[Cr(nic)2(H2O)(MeOH)]
+
 346.0   4 

[Cr2(nic)2(OH)(H2O)(MeOH)3]
+ 

? 479.4   7 
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b) Positive Mode Collision-induced Dissociation of m/z 313.9. 

Species   m/z   Relative Intensity 

[H2nic]
+
   123.9   38 

[Cr(py)(OH)2]
+
  163.7   19 

[Cr(nic)(H2O)(OH)]
+
  208.7   3 

[Cr(py-H)2(OH)]
+
  242.8   8 

[Cr(nic)(py-H)(OH)]
+
  268.8   95 

[Cr(nic)(py)(H2O)2]
+
  287.8   10 

[Cr(nic)(Hnic)]  296.9   100 

[Cr(nic)2(H2O)]
+
  313.9   21 

[Cr(nic)2(H2O)2]
+
  331.9   43 
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c) Negative Mode 

Species   m/z   Relative Intensity 

[nic]
-
    121.9   15 

?    260.7   18 

[Cr(nic)2(H2O)(OH)2]
-
 347.9   100 

[Cr(nic)2(MeOH)(OH)2]
-
 361.9   26 

[Cr(nic)2(H2O)2(OH)2]
-
 365.9   22 

[Cr2(nic)2(OH)3(H2O)2]
- 
? 435.0   8 

[Cr2(nic)2(OH)3(H2O)3]
-
? 452.9   9 

[Cr2(nic)2(OH)5(H2O)2]
-
? 452.9   9 

?    555.9   6  

?    573.9   11 
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Table 6.5.  Positive Mode ESI Mass Spectra of Chromium Nicotinate (type 2) Solid 

dissolved in 1.0 M HCl. 

 

Species m/z Relative Intensity 

[H2nic]
+
 123.9 56  

? 148.8 25 

? 204.8 32 

? 226.9 4 

[Cr(nic)(H2O)4(MeOH)]
+
 278.9 100 

[Cr(nic)(H2O)4(MeOH)(Na)]
+
 301 31 

? 317.0 8 

[[Cr(nic)(H2O)4(MeOH)]2(Na)]
+
 579.1 27 
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6.3.2.3 Product from type 3 synthesis 

 Again attempts to obtain MS spectra of the solid were unsuccessful.  The filtrate after 

isolation of the product did contain enough Cr-containing material to obtain interpretable ESI 

MS.  The spectrum (Table 6.6) from the solid after being dissolved in 1 M HCl and passed over a 

silica gel column was very similar to that from the type 1 and type 2 materials. 
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Table 6.6.  Positive Mode ESI Mass Spectra of Chromium Nicotinate (type 3) Solid 

Dissolved in 1.0 M HCl. 

 

Species m/z Relative Intensity 

[H2nic]
+
 123.9 35 

? 148.8 30 

? 156.8 2 

? 204.8 36 

? 226.9 6 

[Cr(nic)(H2O)4(MeOH)]
+
 279.0 100 

[Cr(nic)(H2O)4(MeOH)(Na)]
+
 301.0 47 

? 317.1 5 

[[Cr(nic)(H2O)4(MeOH)]2(Na)]
+
 579.1    46  
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6.3.3. UV/visible and NMR studies 

 Elemental analyses indicate that the chromium nicotinate produced by the Evans method 

(type 1) has a Cr:nicotinate ratio of 1:1 while material made by the patented method (type 2) and 

Cooper method (type 3) has a 1:2 ratio.  The difference is born out by the color of the solids as 

the type 1 material is blue-gray and the type 2 and 3 materials have distinctly purple tints (Table 

6.7).  The mother liqueur from which these solids precipitate also reflects this difference, as the 

solution for the type 1 procedure (before is the addition of base) is a deep royal blue color while 

the color for the other two is distinctly purple.  Solutions produced by dissolving the solids in 1 

M HCl are blue to purple in color such that depending on concentration and other factors the 

solutions could be described as either color.  Their ultraviolet/visible spectra are extremely 

similar.  This is consistent with their nearly identical ESI MS spectra.  In fact, the UV/visible 

spectra of all the chromium nicotinate materials are surprisingly similar (Table 6.7).  As 

anticipated for octahedral chromium(III)-containing species, their visible spectra are dominated 

by two broad features corresponding to the two lowest energy spin-allowed dd transitions.  

The lowest energy band (
4
A2g

4
T2g) for every solution and solid has a maximum at 575 (+1) nm 

(1.74 x 10
4
 cm

-1
) and corresponds to 10Dq.  The other dd transition (

4
A2g

4
T1g) varies in the 

position of its maximum from ~410 to ~421 nm.  Solutions containing species with Cr:nicotinate 

ratios of 1:1 (based on the elemental analyses and MS data) tend to have maximum at the longer 

wavelength. 

 
2
H NMR data were collected on solutions of the type 2 and 3 materials containing 2-d-

nicotinate in 1 M HCl (Figures 6.1 and 6.2).  The spectra are essentially identical to those 

obtained previously for the initial reaction product of the type 1 material before the addition of 

base (Figure 6.1).   
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Table 6.7. Maxima of Visible Absorption Spectra of “Chromium nicotinic” Preparations 

(n.r. – not reported). 

 

Preparation      Absorption maxima (nm)  Color  Ref. 

Solid (type 1)         blue-gray this work 

Solution (type 1)  n.r.  n.r.   royal blue 23 

Solution (type 1) 421  574   blue  this work 

Solution 1 M HCl 412  575   blue  this work 

 

Solid (type 2)  n.r.  n.r.   purple  26 

Solid (type 2)         gray-purple this work 

Filtrate (type 2) 414  574   purple  26 

Filtrate (type 2) 410  574   purple  this work 

Solution 1 M HCl    

(type 2) 412  575   purple  this work 

Solid (type 3)   420  575   blue  25 

Solid (type 3)       purple-gray this work 

Filtrate (type 3) 410  575   purple  this work 

Solution 1 M HCl 

 (type 3) 425  575   blue  25 

Solution 1 M HCl 

(type 3)  412  575   purple  this work 
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Figure 6.1 
2
H NMR spectra of type 1 solid dissolved in 1.0 M HCl.  S – HDO; * - signals 

arising from bound 2-d-nic. 
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Figure 6.2 
2
H NMR spectra of type 2 solid dissolved in 1.0 M HCl.  S – HDO; * - signals 

arising from bound 2-d-nic. 
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 The ESI MS studies described above have clearly shown that this solution is comprised of a 

mixture of chromium nicotinate species containing 1:1 and 1:2 Cr:nicotinate ratios.  Yet, ESI MS 

studies of the solutions in 1 M HCl suggest that species containing a single nicotinate ligand 

predominate under this condition.  Consequently, the two 
2
D NMR signals from the solutions in 

1 M NMR cannot be assigned to species containing one nicotinate and two nicotinate ligands.   

Previously the NMR signals, which are shifted slightly upfield from the diamagnetic free ligand 

signal, were assigned to a nicotinate bound in a monodentate fashion through a carboxylate 

oxygen and possibly to a nicotinate bound in a chelate fashion (through both carboxylate 

oxygens) or bridging between weakly or non-interacting chromium centers [14].   The results of 

the current work are consistent with the previous assignments. 

6.3.4. EPR studies 

 X-band EPR spectra of the Cr nicotinate prepared by three different methods are 

presented in Figure 6.3.  Spectra of the solids (Figure 6.3A) for all three preparations are 

extremely similar and exhibit a broad unresolved line with giso = 1.97 ± 0.01 which is 

characteristic of Cr
3+

 in an octahedral field [32].  The spectra of the frozen solutions (40 K) of 

the three materials in 1 M HCl (Figure 6.3C) are also essentially identical, consistent with the 

NMR results described above. The initial solutions of or supernatants of “Cr
3+

 nicotinate” give 

EPR signals with well resolved g-anisotropy (Figure 6.3B). All of them (see inset) contain a low 

field shoulder. A narrow signal at ~ 1780 G which is present even in very dilute solutions (Figure 

6.3C,) is due to a resonator background. The spectrum from the initial solution from the type 1 

synthesis was simulated by using XSophe program with a matrix diagonalization approach. The 

simulations included 
53

Cr (I = 3/2, ~10% abundance). The adjustable parameters in the 

simulations were Cr
3+

 g-tensor, hyperfine tensor and zero-field splitting parameter D.  
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Figure 6.3 EPR spectra of “Cr
3+

 nicotinate” prepared by Evans method (type 1) – solid 

line, patent method (type 2) – dotted line, Cooper method (type 3) – dashed line.  (A) 

powder spectra, (B) powder dissolved in 1 M HCl, (C) initial solutions or supernatants, (D) 

Experimental spectrum of initial solution (type 1) – solid line, simulated – dotted line. 

Experimental parameters: microwave frequency, 9.76 GHz; microwave power, 20 dB; 

modulation amplitude, 5 G; receiver gain, 60 dB; T = 40 K.  
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The experimental spectrum was best fitted with (gx gy, gz = 4.82, 1.94, 1.74),  (Ax, Ay, Az = 210, 

80, 160 G), D = 208 G, and the Lorentzian line width = 120 G with a g-strain line shape model 

(Figure 6.3D).  In summary, solution and powder EPR spectra do not allow the species with one 

or two coordinated nicotinate ligands to be differentiated given that they all contain octahedral, 

all oxygen-based coordination environment about the chromic center.  

6.3.5. Implications for nutritional studies 

 “Chromium nicotinate” prepared by the method of Evans and Pouchnik (type 1) and the 

patented method (type 2) have both been used in nutritional studies.  Given that these materials 

are different compounds, the results of these studies could reflect the method of preparation.  For 

example, the first study of the absorption of chromium nicotinate by rats used the product of 

mixing chromium chloride with 3 equivalents of nicotinic acid [17]; the product was provided by 

gavage administration.  As no base is ever added and no heat is applied (or at least mentioned in 

the experimental description), this material is different than that from either the type 1, type 2, or 

type 3 procedure.  In fact, it is doubtful that a reaction even occurred between the nicotinate and 

CrCl3; if the mixture was heated (as the authors were aware heat was needed to form chromium 

picolinate [33]), then the product would have been the blue solution of the type 1 method.  This 

study found that the absorption of CrCl3, Cr picolinate, and Cr nicotinate were statistically 

equivalent 1, 3, 6, and 12 hours after administration [33].  Cr contents in certain tissues at certain 

time points were found to differ significantly depending on Cr source; yet, the differences were 

never great.  The next study of the absorption of chromium nicotinate in rats was by Anderson et 

al. [16], which used a procedure similar to that of type 1 and suffers from the problems described 

above.  Cr compounds were provided by gavage administration, and the absorption of Cr from 

CrCl3, Cr picolinate , and Cr nicotinate were found again to be identical [16].  Also similar to the 
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previous study, Cr contents in certain tissues at certain time points were found to differ 

significantly depending on Cr source; yet, the differences were never great.   Anderson et al. [34] 

have examined the urinary Cr loss of human subjects given their chromium nicotinate and 

commercial chromium, which one presumes would be made by the patented method; however, 

the source of the commercial chromium nicotinate is not provided.  The urinary chromium loss 

was equivalent for either sample of chromium nicotinate [34].  Given the relative insolubility of 

the “chromium nicotinate” prepared by any of the procedures, the low degree of absorption 

(~1%) is not surprising.  The polymers would need to degrade, probably at or the near the acidic 

lining of the stomach, before chromium absorption.  A similar process has been proposed for 

chromium picolinate from detailed absorption studies [35], although chromium picolinate is 

somewhat more soluble in water (~600 M at neutral pH and lower at more acidic pH’s until if 

the pH is low enough that the compound hydrolyzes).  Qualitatively similar results have been 

obtained for commercially available chromium nicotinate in a more recent human urinary 

chromium loss study [36]. 

 Fortunately, most studies of potential pharmacological or toxicological effects from 

chromium nicotinate have utilized material provided by the supplier (InterHealth Nutraceutical) 

(For a review see Ref. [37]).  Thus, the chromium nicotinate should correspond to that produced 

by the type 2 method.  Yet, reports of nutritional, pharmacological, and toxicological studies 

using chromium nicotinate should be examined closely for the source of the chromium 

nicotinate.  For example, the studies of Evans and Pouchnik [23] and Evans and Bowman [38] 

examining the effects of “chromium nicotinate” on cell cultures cannot be considered as 

examining the effects of the patented, commercial material as they use the mononicotinate 

compound rather than the dinicotinate. 
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6.4. Conclusion 

 The addition of a Cr
3+

 salt, CrX3, to an aqueous solution of sodium nicotinate generates 

purple solutions from which gray-purple polymers of the general formula [Cr(nic)2(H2O)x(OH)]n 

precipitate along with some [nicH]X, which can be removed by subsequent extraction.  The 

addition of a Cr
3+

 salt to a hot aqueous solution of nicotinic acid yields a blue solutions, which 

contains a mixture of species with 1:1 and 1:2 Cr:nicotinate ratios; increasing the pH results in 

the formation of a blue-gray polymer with a 1:1 Cr:nicotinate.  Dissolution of the polymers in 

mineral acid results in the formation of soluble species with an overall purple color and a 1:1 

Cr:nicotinate ratio.  Given that each method gives a polymer with a different formula, care 

should be taken to distinguish which method is used to prepare “chromium nicotinate” for 

nutritional studies. 
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Chapter 7 

Paramagnetic 
19

F NMR and Electrospray Ionization Mass Spectrometric Studies of 

Substituted Pyridine Complexes of Chromium(III): Models for Potential Use of 
19

F NMR 

to Probe Cr
3+

-Nucleotide Interaction 

 

7.1. Introduction 

The reduction of the carcinogen and mutagen chromate by cellular reductants results in 

the trapping of Cr
3+

 inside cells; a portion of this chromium is in the form of Cr–DNA adducts 

[1]. The significance of these adducts in the carcinogenic and mutagenic potential of chromate is 

currently highly debated [2]. At low concentrations, Cr
3+

 may bind preferentially to guanine-rich 

segments of DNA [3] and appears to bind primarily to guanine bases through N-7 and to PO2 

groups of the backbone of DNA as shown by difference FTIR spectra [4]. A more direct and 

sensitive spectroscopic probe of Cr
3+

–guanine complexes and other potential Cr-DNA adducts 

would be highly desirable. 

Cr
3+

 complexes of guanosine monophosphate (GMP), diphosphate (GDP), and 

triphosphate (GTP) have been prepared previously [5-13]; however, they were generally 

characterized by elemental analysis, ultraviolet visible spectroscopy, infrared spectroscopy, and 

other techniques which provided little if any detailed structural information, not by X-ray 

crystallography. 
31

P NMR studies on GDP and GTP complexes have been reported [14]. Yet, 

because solutions of Cr
3+

 sources with large nucleotide to Cr ratios were examined, only 

broadening and relatively small chemical shift changes of free ligand signals were observed; 
31

P 

signals from the Cr
3+

 complexes were not observed. 
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To interpret paramagnetic 
1
H NMR spectra unambiguously, complexes whose three-

dimensional structures are known are desirable. Consequently, basic chromic acetate assemblies, 

[Cr3O(O2CCH3)6L3]
+
 [15], have been utilized by this laboratory. The structures of several 

members of this family have been established by X-ray diffraction [16]; L can be a variety of 

monodentate ligands such as water or pyridine, and the paramagnetic 
1
H and 

13
C NMR spectra of 

several members have been assigned [16-18]. The monodentate ligands, being bound trans to the 

central triply bridging oxo ligand, are reasonably labile, presenting an available site for ligand 

exchange with heterocylic ligands. For example, pyridine and imidazole derivatives can readily 

be prepared by exchange for terminal aqua ligands.   Yet, 
1
H and 

2
H NMR studies of the 

imidazole derivatives revealed that these NMR techniques were unlikely to serve as useful 

probes of Cr-binding to DNA.   However, the use of fluoro-substituted nucleotides and 

paramagnetic F NMR may yield a technique for probing the binding of Cr
3+

 to oligonucleotides 

and potentially DNA substituted with artificial F-labeled nucleotides.  Herein are described 

attempts to synthesis basic acetate Cr
3+

 assemblies with fluoro- and trifluoromethyl-substituted 

pyridines as models of nucleotides and characterization of the complexes by paramagnetic 
19

F 

NMR. 

7.2. Experimental 

7.2.1 Synthesis 

 All manipulations were performed under aerobic conditions, and all chemicals were used 

as received unless otherwise noted. Deionized water was utilized throughout. [Cr3O(O2C 

CH2CH3)6(H2O)3]NO3·H2O was prepared by the method of Earnshaw et al. [20].  

[Cr3O(O2CCF3)6(H2O)3]NO3·H2O was prepared by the method of Glazunova et al. [21]. 
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7.2.2. General preparation of [Cr3O(O2CCH2CH3)6(L)3]NO33 

[Cr3O(O2CCH2CH3)6(H2O)3]NO3·H2O (0.25 g, 0.35 mmol) and ligand, L, (0.25 mL) 

were dissolved in 1 ml EtOH. Ligands, L, were pyridine (py), 3-fluoropyridine (3-F-py), 3-

trifluoromethylpyridine (3-CF3-py), and 4-trifluoromethylpyridine (4-CF3-py).  The solution was 

heated in a boiling water bath with stirring until the color changed from green to dark brown and 

allowed to cool. A gray solid was isolated by filtration and dried under vacuum. 

Ultraviolet/visible spectra in acetonitrile: , nm (, M
-1

cm
-1

): [Cr3O(O2CCF3)6(H2O)3]NO3: 

354(sh), 447(34.2), 597(28.3), 679(11.2);  

[Cr3O(O2CEt)6(3-F-py)3]NO3: 348(sh), 360(sh), 432(52.4), 566(35.2), 677(7.7);  

[Cr3O(O2CEt)6(3-CF3-py)3]NO3: 348(sh), 359(sh)433(86.2), 561(29.6), 679(7.1); 

[Cr3O(O2CEt)6(4-CF3-py)3]NO3: 348(sh), 360(sh), 430(55.9), 569(38.1), 679(10.7).  IR: cm
-1

 

(intensity): [Cr3O(O2CEt)6(3-F-py)3]NO3:  1617(vs), 1445(w), 1377(m),1304(m), 1258(m), 

1237(vs), 1189(s), 1099(s), 1081(w), 1055(m), 1017(s), 903(vs), 846(m), 822(w), 810(s), 

696)vs), 647(m); [Cr3O(O2CEt)6(3-CF3-py)3]NO3:  1614(vs), 1473(s), 1442(s), 1333(m), 

1306(w), 1136(m), 1089(m), 1052(vs), 938(w), 832(w), 812(w), 750(w), 705(m), 656(w); 

[Cr3O(O2CEt)6(4-CF3-py)3]NO3:  1615(vs), 1477(s), 1440(m), 1356(m), 1321(vs), 1215(m), 

1181(m), 1145(s), 1089(m), 1061(s), 1029(m), 846(w), 837(m), 678(s); 

[Cr3O(O2CCF3)6(H2O)3]NO3:  1701(vs), 1604(w), 1496(vs), 1366(vs), 1241(m), 1201(vs), 

1165(m), 1039(m), 868(w), 789(vs), 735(vs), 661(s), 622(w). 

7.2.3 Electrospray Ionization/Quadrapole Ion Trap (ESI/QIT) Mass spectrometry (MS) 

 ESI mass spectra were obtained on a Bruker (Billeria, MA, USA) HCT Ultra high 

capacity ion trap mass spectrometer.  The samples were dissolved in acetonitrile and diluted in a 

1:1 solution of acetonitrile and water before analysis.  The ESI source uses a drying gas of 
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nitrogen, which was heated to 300 
o
C.   Collision-induced dissociation (CID) was performed in 

the ion trap using helium as the collision gas.  Collision energies were in the low energy range 

from 0-100 eV.  

7.2.4 NMR 

 
1
H and 

19
F NMR spectra were obtained using a Bruker AV-360 spectrometer at circa 

23
o
C.  Chemical shifts are on the  scale (shifts downfield are positive) using solvent or free 

ligand protio- or fluoro-component signals as references.  
19

F chemical shifts are referenced 

against Freon-11.  The NMR data in this chapter was recorded by Dr. Ken Belmore. 

7.2.5. Other methods 

 UV/visible spectra were obtained using a Hewlett Packard 8453 spectrophotometer.  IR 

spectra were collected with a Jasco FT/IR-4100 as mineral oil mulls or KBr disks. 

7.3 Results and discussion 

7.3.1 Synthesis  

The central [Cr3O(O2CR)6]
+
 triangle of basic carboxylate type assemblies provides an 

excellent platform on which to add monodentate ligands. This triangular core possesses an 

available coordination site trans to the oxo group on each Cr
3+

 center. The Cr–O(oxo) bond is 

short and strong such that bonds from ligands trans to the oxo groups are unusually labile for 

chromium(III) complexes (Figure 7.1). The terminal ligands are usually water molecules, but the 

water can readily be substituted with pyridine, imidazole, or other nitrogen heterocyclic 

molecules, for example [15-19]. Notably, imidazole and benzimidazole complexes, 

[Cr3O(O2CR)6L3]
+
 where L=imidazole or benzimidazole and R is an alkyl group, can readily be 

prepared in this manner in good yield; however, they have limited solubility in common NMR  
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Figure 7.1 Structure of basic carboxylate cations of the general type [Cr3O(O2CR)6(L)3]

+
. 
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solvents [19].  Similar complexes starting from the benzoate analogue [Cr3O(O2CPh)6(H2O)3]
+
 

can readily be prepared in good yield in the same manner; however, they are even less soluble. 

Unfortunately, guanine and other DNA bases and other potential N-heterocyclic ligands which 

more closely approximate guanine than imidazole or benzimidazole (purine, xanthine, and 

hypoxanthine) do not readily form isolable chromium complexes of the desired type [19].  Given 

the solubility problems with the trinuclear imidazole and benzimidazole complexes, pyridine was 

chosen as the heterocyclic terminal ligands on which to base these studies. 

The nitrate salts of the cations [Cr3O(O2CEt)6L3]
+
 where L=pyridine, 3-fluoropyridine, 3-

trifluoromethylpyridine, and 4-trifluoromethylpyridine were all readily prepared by adding an 

excess of the pyridine to an ethanolic solution of [Cr3O(O2CEt)6(H2O)3]
+
, followed by gentle 

heating to produce a color change from green to brown; the products, 

[Cr3O(O2CCH2CH3)6(L)3]NO3 where L=pyridine, 3-fluoropyridine, 3-trifluoromethylpyridine, 

and 4-trifluoromethylpyridine,  precipitated upon cooling.  This procedure had previously been 

shown to lead to substitution of the terminal water ligands of the acetate analogue 

[Cr3O(O2CMe)6(H2O)3]
+
 with pyridine and 3-methylpyridine [22]. 

The synthesis of the derivatives with 2-fluoropyridine, 2-trifluoromethylpyridine, and 

2,4,6-trifluoropyridine was unsuccessful using this method.  The use of higher boiling solvents 

than ethanol or no other solvent than the potential pyridine-based ligands was also unsuccessful.  

The highly electronegative ligands in the 2-position apparently reduce the Lewis basicity of the 

pyridine nitrogen such that these pyridine derivatives will not bind to the chromic centers.   The 

successful preparation of chromium basic carboxylate complexes containing 2-methylpyridine 

[16] eliminates a steric problem from preventing binding, at least for 2-fluoropyridine. 
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7.3.2 ESI MS 

ESI MS provides a gentle method of transferring pre-existing ions from the solution to 

the gas phase and of generating gas-phase ions.  Basic chromium carboxylates have been 

examined previously by ESI MS [23,24,25].  Under “soft” low voltage conditions, the molecular 

ion is the most intense feature in the spectra, although minor features corresponding to loss of 

terminal ligands or exchange of terminal ligands with solvent molecules can be observed [23,24].  

Because increasing the voltage at the first skimmer electrode results in more collisions of species 

of interest with solvent molecules within the ion source, higher voltages result in loss of more of 

the terminal ligands.  The voltage can be increased until the core [Cr3O(O2CR)6]
+
 cation gives 

rise to the most intense feature in the spectrum [23].  Fragmentation of the molecular ion can be 

generated using collision-induced dissociation CID at sufficient energy [23].  

The results of ESI MS experiments on the nitrate salts of [Cr3O(O2CEt)6(py)3]
+ 

and the 

newly prepared [Cr3O(O2CEt)6(3-F-py)3]
+
, [Cr3O(O2CEt)6(3-CF3-py)3]

+
, and [Cr3O(O2CEt)6(4-

CF3-py)3]
+
 revealed that the spectra were dominated by the signals from the molecular ions, 

although signals from loss of one or two terminal ligands could also be observed (Table 7.1).  

[Broad, low intensity signals from the addition of water to some fragments of the molecular ions 

can also be observed (data not shown).]  The identity of the cations, and thus their successful 

synthesis, can readily be confirmed by comparison of the isotopic distribution patterns of the 

molecular cation signals (Figures 7.2-7.5).  CID ESI MS generally was found to simply lead to 

loss of terminal ligands, which provided additional confirmation of the structures..  For example, 

the CID ESI MS of the parent ion of [Cr3O(O2CEt)6(py)3]
+
 (m/z 847.2) gave a spectrum with the 

most intense signal at m/z 768.1, corresponding to [Cr3O(O2CEt)6(py)2]
+
.   
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Table 7.1. ESI MS data for trinuclear Cr
3+

 assemblies. 

 

a) [Cr3O(O2CEt)6(py)3]
+ 

Assignment   m/z  Relative Intensity 

[Cr3O(O2CEt)6(py)3]
+
  847.2  100% 

[Cr3O(O2CEt)6(py)2]
+
  768.1  4%   

 

b) [Cr3O(O2CEt)6(3-F-py)3]
+ 

Assignment   m/z  Relative Intensity 

[Cr3O(O2CEt)6(3-F-py)3]
+
 901.1  100% 

[Cr3O(O2CEt)6(3-F-py)2]
+
 804.1  53%  

[Cr3O(O2CEt)6(3-F-py)]
+
 707.0  2%  

 

c) [Cr3O(O2CEt)6(3-CF3-py)3]
+ 

Assignment   m/z  Relative Intensity 

[Cr3O(O2CEt)6(3-CF3-py)3]
+
 1051.1  100% 

[Cr3O(O2CEt)6(3-CF3-py)2]
+
 904.2  19%   

 

d) [Cr3O(O2CEt)6(4-CF3-py)3]
+ 

Assignment   m/z  Relative Intensity 

[Cr3O(O2CEt)6(4-CF3-py)3]
+
 1051.1  100% 

[Cr3O(O2CEt)6(4-CF3-py)2]
+
 904.2  12%   
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e) [Cr3O(O2CCF3)6(H2O)3]
+
 

Assignment   m/z  Relative Intensity 

[Cr3O(O2CCF3)6(H2O)3]
+
 903.7  100% 
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Figure 7.2 Calculated (black bars) and experimental (gray bars) isotopic distributions for 

the molecular ion in the ESI MS spectrum of [Cr3O(O2CCH2CH3)6(py)3]
+
. 
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Figure 7.3 Calculated (black bars) and experimental (gray bars) isotopic distributions for 

the molecular ion in the ESI MS spectrum of [Cr3O(O2CCH2CH3)6(3-F-py)3]
+
. 
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Figure 7.4 Calculated and experimental isotopic distributions for the molecular ions in the 

ESI MS spectra of [Cr3O(O2CCH2CH3)6(3-CF3-py)3]
+
 and [Cr3O(O2CCH2CH3)6(4-CF3-

py)3]
+
. 
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Figure 7.5 Calculated (black bars) and experimental (gray bars) isotopic distributions for 

the molecular ion in the ESI MS spectra of [Cr3O(O2CCF3)6(H2O)3]
+
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The successful synthesis of [Cr3O(O2CCF3)6(H2O)3]
+
  was also confirmed by the isotopic 

distribution of its molecular ion signals (Figure 7.5). 

7.3.3 NMR 

Cr
3+

 complexes have historically not been characterized by NMR studies as the chromic 

ion has an electronic spin of 3/2. For such a d
3
 ion, zero field splittings are small with the result 

that the electronic spin-lattice relaxation time, T1e, is very long; this gives poorly resolved NMR 

spectra. Thus, NMR spectra of Cr
3+

 complexes display greatly broadened and shifted resonances, 

particularly for the atoms of aromatic ligands where the half-occupied t2g orbitals are oriented at 

the pi clouds of the ligands, such that knowledge of the structure of the complex is often required 

to interpret the spectra, rather than the reverse.  Yet, paramagnetic 
1
H, 

2
H, and 

13
C NMR have 

been demonstrated to be of utility in characterizing Cr
3+

 carboxylate assemblies [16-18]. 

 The trinuclear oxo-centered carboxylate assemblies in this study possess the “basic 

carboxylate” type structure, where the three metal centers and the 3-oxide are coplanar.  Each 

pair of chromic ions is bridged by two carboxylate ligands.  Coordination about each octahedral 

chromic ion is completed by a terminal ligands, either water or a pyridine based ligand.  Thus, 

assuming free rotation about the Cr-N(pyridine) or Cr-O(water) bonds, each trinuclear cation has 

three-fold symmetry so that all the chromium centers and similarly the terminal ligands are 

equivalent; this simplifies interpretation of the NMR spectra.  Also, the t2g electronic 

configuration of the chromic centers is magnetically isotropic or nearly so dipolar shifts should 

be negligible; hence, isotropic shifts should be essentially only contact in origin, also simplifying 

interpretation of the NMR spectra.  The chromium centers in these trinuclear assemblies are 

antiferromagnetically coupled, resulting in a reduction of the magnetic moment per Cr
3+

 ion 

(e.g., Cr for [Cr3O(O2CMe)6(py)3]
+
 is 3.14 B vs. ~3.87 B for mononuclear species); thus, the 



 

167 

 

paramagnetic shifts and broadening of the resonances should be slightly reduced in comparison 

to NMR spectra of mononuclear Cr
3+

 complexes. 

7.3.3.1 [Cr3O(O2CCF3)6(H2O)3]
+
 

 For bridging carboxylate ligands where the metals and carboxylates are co-planar, two 

mechanisms for spin delocalization are expected:  and , with the -pathway expected to 

predominate for atoms more removed from the metal center [25].   For chromic ions, only the -

pathway is expected to be significant, as observed previously for basic chromic carboxylates 

[16].  The 
19

F NMR spectrum of [Cr3O(O2CCF3)6(H2O)3]
+
 (Figure 7.6) reveals one prominent 

signal at –70.8 ppm, shifted appreciably downfield (by ~5 ppm) from the signal arising a trace 

quantity of the uncoordinated acid.   The contact shift (~5 ppm) is smaller in magnitude to that of 

the corresponding methyl hydrogen in [Cr3O(O2CCH3)6(H2O)3]
+
 compared to free acetic acid of 

~+34 ppm (table 7.2).  This suggests the mechanism of spin delocalization is not identical in both 

cations; the degree of hyperconjugation in the trifluoroacetate must be considerably greater than 

for acetate.  The signal from the paramagnetic cation is dramatically broadened compared to that 

of the free acid (width at half height >200 times broader for the former), although both are 

broadened by the presence of the paramagnet in solution.  This broadening of the 
19

F NMR 

signals is in accord with that of the 
1
H NMR signals of the acetate analogue; in this latter case, 

the paramagnetically broadened signal would be most difficult to detect in dilute solutions [16]. 
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Figure 7.6 
19

F NMR of  [Cr3O(O2CCF3)6(H2O)3]
+
 in acetonitrile. * - free HO2CCF3. 
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Table 7.2. Chemical shifts and contact shifts for trinuclear chromium(III) complexes.  

Nucleus of interest is in bold and italics. 

 
19

F 

 

Cation          Free Ligand Contact Shift Ref.      

 

[Cr3O(O2CCF3)6(H2O)3]
+
    -70.8 -76.2  +5.4  This work 

 

[Cr3O(O2CEt)6(3-F-py)3]
+
  -150 -129  -21  This work 

 

[Cr3O(O2CEt)6(3-CF3-py)3]
+
  -73 -65  -8  This work 

 

[Cr3O(O2CEt)6(4-CF3-py)2]
+
  -44 -68  +24  This work 

 
 

1
H 

 

Cation          Free Ligand Contact Shift  Ref.    

 

[Cr3O(O2CCH3)6(H2O)3]
+
    +36.2 +2.1  +34.1  16  

 

[Cr3O(O2CMe)6(py)3]
+
  (py 3-H) +11.2 +7.1  +4.1  16 

 

[Cr3O(O2Me)6(3-CH3-py)3]
+
  -6.4 ~+2  ~-8  16 

 

[Cr3O(O2Me)6(4-CH3-py)3]
+
  -26.6 ~+2  ~+24  16 
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7.3.3.2 [Cr3O(O2CEt)6(3-F-py)3]
+
 

The 
19

F NMR spectrum of [Cr3O(O2CEt)6(3-F-py)3]
+
 (Figure 7.7) reveals one prominent 

signal at -150 ppm, shifted appreciably upfield (by ~-21 ppm) from the signal arising a trace 

quantity of the uncoordinated pyridine ligand.   The contact shift (~-21 ppm) is greater in 

magnitude and opposite in sign to that of the corresponding pyridine hydrogen in 

[Cr3O(O2CMe)6(py)3]
+
 (table 7.2).   Thus, the contact shift mechanism must be significantly 

different for the pyridine ring F versus H.  Previous 
19

F NMR studies with fluoroaromatic ligands 

have observed similar differences between the shifts of fluorine and hydrogen atoms in 

equivalent positions [26]; these changes have been attributed to participation by the fluorine in 

conjugation in the fluoroaromatics, a mechanism not available to the corresponding H atom.  The 

magnitude of the contract shift makes the signal readily discernable from the free ligand.  

Additionally, the coordinated ligand resonance is broadened by a factor of approximately five-

fold compared to that of the free ligand.  Despite the broadening, the signal is readily observed.  

Thus, between the contact shift and paramagnetic broadening, the coordinated ligand signal can 

readily be observed and distinguished from that of the free ligand, making F-substitution in the 

equivalent position of nucleotides potentially interesting probes of chromium-coordination to 

oligonucleotides. 

Substitution of a hydrogen with fluorine has little effect on the chemical shifts of the 

hydrogen resonances in the compound’s 
1
H NMR spectrum (Table 7.3).  For pyridine ligands of 

chromium basic carboxylate complexes, the 2-position hydrogens or deuterons have signals at -

40 to -45 ppm, the 3-position hydrogen resonances are at +10-+11 ppm, and the 4-position 

resonances are at approximately -14 ppm [16].   
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Figure 7.7 
19

F NMR of [Cr3O(O2CEt)6(3-F-py)3]
+
 in acetonitrile. * - free 3-F-py. 
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Table 7.3. Chemical shifts of 1H NMR spectra of trinuclear chromium complexes. 

Species    H   Chemical shift (ppm) 

[Cr3O(O2CEt)6(3-F-py)3]
+
  O2CCH2CH3  +48.2 

     O2CCH2CH3  +0.33 

              4-H  -12.1 

     py     5-H  ~+8.0 

               2-H, 6-H -44.1 

[Cr3O(O2CEt)6(3-CF3-py)3]
+
  O2CCH2CH3  +50.1 

     O2CCH2CH3  +0.44 

              4-H  -12.0 

     py     5-H  +12.0 

               2-H, 6-H -42.6 

[Cr3O(O2CEt)6(4-CF3-py)3]
+
  O2CCH2CH3  +48.1 

     O2CCH2CH3  +0.60 

     py     3-H  +13.5 

               2-H, 6-H -42.8 
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For the 3-F-py complex, the 4-position and 2- and 6-position proton signals are very similar at -

12.1 and at -44.1 ppm; the 2-position and 6-position resonances are broad and overlap so that 

they cannot be resolved.  One notable feature about the 2- and 6-position signals is that they 

normally are so broad as to not be clearly observable by 
1
H NMR; 

2
H NMR is normally required 

[16].  The 5-H position hydrogen signal at ~+8 is shifted slightly compared to those of 

unsubstituted pyridine complexes; this chemical shift of this signal is difficult to determine 

precisely as it is overlain by the signals from the hydrogens of traces of free 3-F-py. 

7.3.3.3 [Cr3O(O2CEt)6(3-CF3-py)3]
+
 and [Cr3O(O2CEt)6(4-CF3-py)3]

+
 

 The 
19

F NMR spectrum of [Cr3O(O2CEt)6(3-CF3-py)3]
+
 (Figure 7.8) [Cr3O(O2CEt)6(4-

CF3-py)3]
+
 (Figure 7.9) each reveal one prominent signal at -73 ppm and  -44 ppm, respectively, 

shifted appreciably (upfield by ~-8 ppm and downfield by ~24 ppm, respectively) from the 

signals arising trace quantities of the uncoordinated pyridine ligands.  The contact shifts (Table 

7.2) are essentially identical to those of the equivalent hydrogen in the non-fluorinated 

analogues, indicating an identical mechanism for the delocalization of the unpaired electron 

density.  Similar effects have been observed previously for aromatic ligands with CF3 

substituents [27,28].  The coordinated signals are broadened (based on width at half height) 

compared to the free ligand signals by approximately 1/3-2-fold, respectively.  CF3 substitution 

at equivalent positions of nucleotides could also provide interesting probes for chromium binding 

to oligonucleotides, although the larger shift and greater broadening suggest from a 

spectroscopic perspective that the 4-position substitution might generate better probes. 

Again, the replacement of a hydrogen on the pyridine ring by a trifluoromethyl group has little 

effect on the proton resonances in the compounds 
1
H NMR spectra, as seen in the spectrum of 

the 3-F-py complex (Table 7.3).  
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Figure 7.8 
19

F NMR of [Cr3O(O2CCH2CH3)6(3-CF3-py)3]
+
 in acetonitrile. * - free 3-CF3-py. 
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Figure 7.9 
19

F NMR of [Cr3O(O2CCH2CH3)6(4-CF3-py)3]
+
 in acetonitrile. * - free 4-CF3-py.  
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7.4. Conclusion 

19
F NMR has been used previously by inorganic chemists to probe the structure of 

paramagnetic metal centers in proteins [29-31], although the technique has not been applied to 

chromium.  Chromium basic carboxylate complexes provide a useful scaffold to attach a variety 

of N-containing heterocylic ligands as models of the bases of DNA, including fluorine- or 

trifluoromethyl-substituted pyridine molecules.  The 
19

F NMR spectra of the trinuclear chromic 

complexes of 3-fluoropyridine, 3-trifluoromethylpyridine, and 4-trifluoromethylpyridine possess 

readily discernible resonances from the coordinated ligands, although broadened by 

delocalization of electron density from the chromic centers onto the ligands, and the contact 

shifts are of sufficient magnitude that the signals from coordinated and free ligands can easily be 

differentiated.   Thus, 
19

F NMR appears to be a potentially useful probe of the binding of Cr
3+

 to 

DNA containing F-labeled bases.  Electrospray MS has been shown as a convenient method to 

establish the identity of chromium basic carboxylate assemblies. 
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Conclusions and Future Work 

 Chromium can no longer be considered an essential element for healthy mammals or 

mammals with type 2 diabetics.  A diet with as little Cr as possible had no visual harmful effects 

on Zucker lean rats, as well as, no effects on glucose concentrations in glucose and insulin 

tolerance tests when compared to rats on a Cr sufficient diet.  Thus, having an otherwise healthy 

but Cr deficient diet appears to be essentially impossible.  In Zucker Diabetic Fatty (ZDF) rats, 

the urinary Cr loss is controlled by chromium absorption.   The ZDF rats urinate approximately 

two times more Cr than lean and obese rats, but absorb approximately two times more Cr as 

well.  Therefore, a diabetic individual should not become Cr deficient despite their increased loss 

of Cr in urine as this is compensated by increased Cr absorption.   

 The mechanism for Cr transport and distribution throughout the body has not been 

entirely elucidated.  Cr is absorbed by the small intestine and migrates to the blood where it 

binds to transferrin for transport to cells via endocytosis.  Cr has been postulated to be 

transported from endosomes into the cell cytosol by MCT.  Experiments to test this mechanism 

have been inconclusive to date.   More experiments using different exposure times of C2C12 

cells to Cr-transferrin and MCT inhibitors need to be performed to clearly determine whether Cr 

is transported by MCT. 
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 Numerous Cr compounds are used as Cr nutritional supplementation, including 

[Cr(pic)3], Cr-nicotinate, and [Cr3O(O2CEt)6(H2O)3]
+
.  Cr(pic)3 was thought to potentially be 

toxic to offspring of parents exposed to the popular supplement.  Cr(pic)3 given to male mice 

prior and during mated with female mice was demonstrated to have no harmful effects on 

offspring.  Cr
3+

-nicotinate is commonly used as a nutritional supplement, but its structure is 

unknown.  The structure proved elusive despite efforts utilizing several analytical techniques to 

determine its structure.  Model studies demonstrated that fluorine-labeled DNA bases might 

prove to be good probes in NMR experiments for Cr binding to DNA. 

 Although Cr has been shown in this work not to be an essential trace element, even under 

conditions of stress such as type 2 diabetes, Cr has pharmacological effects at supra-nutritional 

doses, including increasing insulin sensitivity.  The mechanism of this activity is unknown and 

requires continued investigation.  Most notably the proposed role of LMWCr or chromodulin 

needs to be tested.   


